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PREFACE 


For many years the volumes of the Transactions contained all the 
papers presented before the Institute during a year. As the number of 
papers read increased it became necessary to print more than one volume. 
In order to bring papers on the same or related subjects together they 
sometimes were segregated without reference to the year in which they 
were read. For example, Vol. LXII, published in 1920, contained the 
iron and steel papers read at meetings held in September, 1918, February, 
1919, and September, 1919. Up to 1920, the Institute published a 
monthly BuUeiin in which much material was printed that was not 
republished in the Transactions. The Bulletin has been replaced by the 
magazine, Mining and Metallurgy, which does not contain the full 
text of all papers presented before the Institute and does include much 
that does not go into the Transactions. Pap)ers, discussions and 
committee reports are also printed as pamphlets and circulated in that 
form. All papers in one or more major divisions of the field of work of 
the Institute are sent to members who request such service, and individual 
pamphlets on application. 

The Institute has also published a number of special volumes, some- 
times included among the Transactions and sometimes not. Among 
such special volumes may be mentioned the Posepny and Emmons 
volumes on ore deposits, the Raymond Memorial volume and the pyrom- 
etry volume. The increased interest in petroleum technology led to a 
symposium on petroleum and gas at the February, 1924 meeting and the 
papers read were printed in a 264-page volume entitled, ''Production of 
Petroleum in 1923.'^ A similar volume was issued for 1924. Last year 
the papers presented covered not only production but production engi- 
neering, transportation, refining and petroleum economics and resulted in 
a volume of 784 pages which has been sent to all members who signified a 
desire for it. 

There has been, through the years, a distinct drift toward special 
volumes. The Petroleum Division has developed to the stage where a 
separate volume best meets the needs of the Division. This is not sent 
to other members unless they so request. It seems probable that the 
other Divisions will eventually need similar service and only selected 
papers of value for permanent reference will be published in the 
Transactions. 
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This volume contains the Howe Memorial Lecture, and the papers 
presented at the Salt Lake City Meeting, September, 1925, the Annual 
Meeting in New York, February, 1926, and the Institute of Metals 
Meeting at Syracuse, October, 1925, in the fields of non-metallic minerals, 
milling and concenlaation, non-ferrous metallurgy, iron and steel, and the 
Institute of Metals. Papers on mining methods, min e ventilation, coal 
and coke, and on mining geology read at these same meetings will appear 
in the next volmne, which is being held to include papers on these subjects 
presented at the Pittsburgh meeting, October, 1926. 

H. Fosteb Bain. 

Secretary 
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Salt Lake City Meeting, 1925 

The 132nd meeting* of the Institute was held at Salt Lake City, Utah, 
Aug. 31 to Sept. 3. It was one of the largest meetings held outside of 
New York City; 470 members and guests registered and many more were 
present at the sessions. 

Preliminary to the meeting the Petroleum Division held sessions at 
Casper, Wyoming, Aug. 28, 29 and 30. The program included an inspec- 
tion tour of the Salt Creek oil field and a trip to Rawlins, Wyo., via 
Independence Rock on the Oregon Trail and the Lost Soldier and Wertz 
oil and gas fields. 

The Annual Banquet was held at Hotel Utah, and was followed by a 
dance. W. Mont Ferry, president of the American Silver Producers’ 
Association, presided at the banquet. The principal address was made 
by President J. V. W. Reynders. Governor George H. Dern of Utah, 
the second speaker, discussed the engineer in politics. Former Senator 
Charles S. Thomas also addressed the members. 

The Utah section and the mine operators of Utah made the meeting a 
very pleasant one for the visiting members. Golf, swimming, motoring, 
dancing, luncheons, dinners and teas filled all the spare time. There 
were six field excursions by train and motor, the members visiting 
Bingham, Murray, Midvale, Ironton, Tintic, Park City and Tooele. 
Two hundred and forty took part in the trip to Bingham, where the 
Magna and Arthur plants of the Utah Copper Co. and the Garfield copper 
smelter of the American Smelting & Refining Co. were visited. This 
trip took the party to the open-cut workings of the former concern. 

A party of members visited the lead smelter of the American Smelting 
& Refining Co. and that of the United States Smelting, Refining & Mining 
Co. at Murray, and inspected the concentration plant for complex ores 
and the arsenic recovery plant at Midvale. 

Other trips took various groups of the members to the smelter of the 
Columbia Steel Corporation at Ironton, Utah; the silver-lead mines of the 
Tintic Standard, Chief Consolidated and other companies, and the silver- 
lead and silver-lead-zinc orebodies of Silver King Coalition, Ontario, 
Park City Mining & Smelting, Keystone, and the Park-Utah companies, 
at Park City. To those who took the Park City trip luncheon was 
served underground at the Silver King Coalition mines. 

Luncheon was served at the International smelter to those who visited 
Tooele. A feature of this trip was the opportunity afforded to observe 

* For news story of meeting see Mining and Metallurgy, (Oct., 1925) 608. 
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the treatment of complex custom ores for the separation of lead, zinc and 
iron contents by differential flotation. 

On the evening of Sept. 4, two small parties were organized, one to 
visit the parks of Southern Utah and the other Yellowstone Park. 

The lot of the visiting ladies at the meeting was made pleasant 
by luncheons at the Country Club, motor driving, and a special recep- 
tion at Hotel Utah, and by other entertainment arranged by the 
Woman’s Auxiliary. 
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Lead Smelting in Utah. B. L. Sackett, Cablos Bardwbll, Simon Jacobson and 
N. H, Jensen 

Evolution in the Preparation of Ores for Lead Blast Furnaces. D. W. Jessup 
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Watman. 
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F. Julius Fobs, Chairman 
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Drilling Wildcat Wells in Wyoming. E. G. Sinclair 

Cleaning Oil Wells by Compressed Air. A. A. Beard and R. A. Bonnel 

Use of Gas Meters for Determination of Pay Strata in Oil Sands. C. V. Millikan 

Cleaning Oil Wells by Heated Oil. W. J. Knox 

Application of Mining Tax Laws to the Petroleum Industry. M. 0. Danford 
Salt Creek Field Symposium 

History of Production of Salt Creek Field. E. L. Estabrook and C. M. Rader 
Discussion: 

G. O. Smith, W. H. Geis, A. W. Peake, D. B. Dow 
Water Shut-off Methods in the Salt Creek Field. R. 0. Armstrong and C. M. 
Rader 

Waters of the Salt Creek Field. H, W. Young and E. L. Estabrook 
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Institute of Metals Division Meeting 

The annual joint meeting* of the Institute of Metals Division and the 
American Foundrymen’s Association was held at Syracuse, N. Y., Oct. 
5-9. The registration was about 150. A feature of the meeting was the 
Round Table discussion at which 80 members, divided into groups, 
discussed a number of pertinent subjects. The following papers were 
presented: 

Notes on the Fatigue of Non-ferrous Metals. H. F. Moore 
Endurance Properties of Non-ferrous Metals. D. J. McAdam, Jr. 

The Cracking of the Nickel Silvers in the Course of Annealing. E. 0. Jones and E. 
Whitehead 

Special Nickel Brasses. Oliver Smalley 

Amorphous Cement and the Formation of Ferrite in the Light of X-ray Evidence. 
Francis B. Foley 

Mechanical Properties of the Aluminum-copper-silicon Alloy as Sand Cast and as 
Heat Treated. Samuel Daniels and D. M. Warner 

* For news story of meeting see Mining and Metallurgy, (Nov., 1925) 570. 
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New York Meeting 

The 133rd meeting* of the American Institute of Mining and Metallur- 
gical Engineers was held at New York, Feb. 15 to 18, 1926, with a total 
registration of approximately 1300. 

Prof. William Campbell, of the School of Mines, Columbia University, 
New York, delivered the Henry M. Howe Memorial lecture. The title 
of his lecture was '^Twenty-five Years in Metallography.'' 

Paul D. Foote, U. S. Bureau of Standards, Washington, D. C., deliv- 
ered the annual lecture of the Institute of Metals Division. The title 
of his lecture was "The Relation between Metallurgy and Atomic 
Structure." 

Aside from business and distinctly social gatherings there were in all 
26 technical sessions, two formal lectures, three group luncheons, four 
group dinners, and numerous small conferences and committee meetings. 
The Petroleum Division led with seven technical sessions. The Institute 
of Metals Division held four sessions, gave a dinner, and presented the 
Howe lecture by Prof. Campbell. The Mining Methods Committee 
held two sessions and a luncheon; the Coal and Coke Committee, two 
sessions; the Milling Methods Committee, one session and a dinner; 
the Industrial Relations Committee, the same; Mine Ventilation Com- 
mittee, two sessions, and the Non-ferrous Metallurgy, Non-metallic 
Minerals, Mining Geology and Ground Movement and Subsidence 
committees, one each. The Committee on Education met at a well- 
attended luncheon. 

At the annual business meeting on Feb. 16, the following ticket was 
elected, and the reports of the President, Treasurer and Secretary were 
presented: 

Samuel A. Taylor, Director and President; B. O. Mahaffey, Director and Vice- 
President; Carl A. Meissner, Director and Vice-President; L. K. Armstrong, Director; 
W. Spencer Hutchinson, Director; H. A. Guess, Director; Seeley W. Mudd, Director; 
Reno H. Sales, Director. 

E. De Golyer was elected First Vice-President; Charles F. Rand, 
Treasurer; H. Foster Bain, Secretary, and T. T. Read, Assistant Secre- 
tary, at the meeting of the Directors on Tuesday evening. 

The Section Representatives held two sessions on Monday morning 
and afternoon, respectively, at which written reports were submitted by 
each division, and the representatives enlarged orally upon the chief 
points in their reports. President S. A. Taylor presided 

♦ For news stoiy of meeting see Mining and Mbtallubgt, (March, 1926) 105. 
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The Woman’s Auxiliary held their annual meeting on Tuesday morn- 
ing and afternoon. Various features of general interest and entertain- 
ment for each day that the Institute met characterized the program for 
the ladies. 

A joint session of the Metropolitan sections of the American Society 
of Civil Engineers, the American Institute of Mining and Metallurgical 
Engineers, the American Society of Mechanical Engineers and the Ameri- 
can Institute of Electrical Engineers was held on Thursday evening, Feb. 
18, in the Auditorium. The topic discussed was '' The Effect of the Diesel 
Electric Locomotive on the Problem of Railroad Electrification.’’ 

A buffet luncheon was served each noon at the Institute Headquarters. 
These luncheons were largely attended by members of the Institute, 
their guests and the members of the Woman’s Auxiliary. 

The Annual Smoker was held in the banquet hall of Mecca Temple, on 
Monday evening. 

The Annual Dinner-dance was held at the Waldorf-Astoria on Wed- 
nesday evening. It was attended by 607 members and guests. The 
President’s Reception preceded the dinner. At the latter Wilbur A. 
Nelson presided as toastmaster. The James Douglas gold medal was 
presented to James M. Callow. The Robert W. Hunt medal was pre- 
sented to Charles L. Kinney, Jr. Announcement was made of the award 
of the J. E. Johnson, Jr., prize to S. P. Kinney. Addresses were made by 
J. V. W. Reynders, retiring President; S. A. Taylor, President of the 
Institute; G. S. Davison, President of the American Society of Civil 
Engineers; Scott Turner, Director of the Bureau of Mines; H. Foster 
Bain, Secretary of the Institute, and T. C. Denis, the latter responding 
for the Canadian Mining Institute. 

The annual excursion on Feb. 18, was a sightseeing expedition by 
motor car to Bear Mountain. The members crossed the new Bear 
Mountain Bridge on foot, closely examining the beautiful structure, and 
after luncheon at Bear Mountain Inn, J. V. W. Reynders spoke briefly 
of some of the engineering difficulties encountered in the construction of 
the bridge. 

Through the courtesy of Ole Singstad, chief engineer of The Holland 
Tunnel, two parties of members were conducted through the tunnel and 
its ventilation and other engineering features were explained to them. 

Technical Sessions 
Petroleum 

Gbnebal Session 
F. Julius Fohs, Chairman 

World Production of Petroleum in 1925. E. L. Db Golybr 
Taxation and the Oil Industry. A. D. Brokaw 
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Technologic Progress in the Oil Industry. F. Julius Fohs 
Research and the Oil Industry. Dr. Van. H. Manning 

Production Engineering Symposium 

F. Julius Fohs, Chairman 

Spacing of Oil Wells. Frank M. Brewster 
Core Drilling Technology: 

1. Diamond Drills. R. D. Longyear and P. W. Donovan 

2. Special Type Drills. J. E. Elliott 

3. Basket Cores. E. Call Brown 
Increasing Production by Shooting. H. B. Hill 

Increasing the Extraction of Oil by Water Flooding. Joseph B. Umpleby 

Refining Symposium 

Dr. T. G. Delbridgb and Dr. C. H. Osmond, Chairmen 

Factors Affecting the Cracking of Petroleum. Charles L. Parmeleb 
Discussion: 

Cross Process. Dr. Roy Cross 
Dubbs Process. Dr. Gustav Eglopp 
The Gasoline Problem. R. C. Holmes 
Jenkins Process. L. H. Welling 

Comparative Value, as Motor Fuel, of Cracked Gasoline vs. Straight Run Gasoline. 
Arthur E. Wells 

Economic Incidence of Cracking. Benjamin T. Brooks, Roland B. Day, 
Arthur Knapp 

Basic Changes in Refining Processes. Walter Miller 
Special Discussions: 

A. Distillation by Pipe Stills. J. A. Primrose 

B. Fractionation. W. A. Peters, Jr. 

C. Treating. A. E. Miller 

Liquid Sulfur Dioxide Process. Dr. L. Edeleanu 

D. Wax Separation. Max B. Miller 

E. Economic Effect of Basic Changes in Refinery Operation. Walter Miller 
Anti-knock Gasolines and Special Engine Development. Dr. S. W. Sparrow 

Discussion: 

Economic Effect of the Anti-knock Motor Fuels. A. L. Clayden, H. L. 
Horning 

Transportation Symposium 

Douglas S. Bushnell, Chairman 

Transportation of Petroleum. Charles Fitzgerald 
Evaporation Losses in Storage and Transportation. J. H. Wiggins 
An Investigation into the Cause of Breakage in Crude Pipe Line Transportation Sys- 
tems. Nelson B. Dblavan 

Corrosion of Pipe Lines and Protective Covering. F. Ray McGrew 

Production Symposium 

Dr. Jambs H. Gardner, Chairman 

Review of American Production. F. Julius Fohs 
California. G. C. Ghstbr and E. W. Wagy 
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Kansas-Oklahoma. Burb McWhirt 
Gulf Coast. Louis Frebdbian 
Texas, Outside Gulf Coast. Dr. F. H. Laheb 
Arkansas and Louisiana. D. T. Ring 
Rocky Mountain District. Fred E. Wood 
Appalachian Fields. George Turnbull 

Mississippi Valley Fields. Gail F. Moulton, Hugh D. Miser and W. N. Logan 
Alaska. P. S. Smith 

Mexican Oil Fields. Valentin R. Garpias and R. V. Whetsbl 

Venezuela and the West Indies. Edwin B. Hopkins and H. J. Wasson 

Colombia and Peru. L. G. Huntley 

Argentine. F. T. Ostrander 

Russia. Basil B. Zavoico 

Near East. E. L. Porch, Jr. 

Australasia. F. G. Clapp 

Suggested Nomenclature and Correlation of the Geological Formations in Venezuela. 
A. Hamilton Garner 

Possibilities of Future Production from the Pre-Chattanooga Series of Northeastern 
Oklahoma. Luther H. White 


Petroleum Economics Symposium 
F. Julius Fohs, Chairman 

Petroleum Statistics and the Economic Situation. Arthur Knapp 
The Relation between Price and Stocks of Gasoline. Joseph E. Pogue 
Forecasting Petroleum Production. J. Melville Sands and C. Campbell Osborn 
Discussion by Joseph E. Pogue 

The Trend of Prices in the Petroleum Industry. Joseph E. Pogue 
Some Economic Aspects of the Community Oil Lease Fay Wright 


Mining Methods 

Mining Petroleum in France and Germany. George S. Rice and J. A. Davis 
The Ranney Process of Mining Oil. Leo Ranney 


Mine Ventilation Committee 
George S. Rice, Chairman 

Address by the Chairman 

Operating Characteristics of Centrifugal Fans and Use of Fan Performance Curve. 
Louis W. Huber 

Theoretical Rating Compared with Operating Performance of Centrifugal Mine Venti- 
lating Fans. A. S. Richardson 
Economic Design of Mine Airways. A. S. Richardson 
The Holland Tunnel. Ole Singstad 

Permissible Limits of Toxic and Noxious Gases in Mine and Tunnel Ventilation. 
R. R. Sayers 

Discussion of Theory of Mine Ventilation. Presented by A. C. Callbn 
Some Important Factors in Metal Mine Ventilation. G. E. McElroy 
Report of Sub-committee on Coal Mine Ventilation. Frank Haas 
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Non-ferrous Metallurgy 

E, P. Mathewson, Chairman 

Improvements in the Series System of Electrolytic Copper Refining Recently Devel- 
oped by the Nichols Copper Co. M. H. Merbiss 
The Conductivity of Electrol3d)es Used in the Electrolytic Separation of Silver and 
Gold. F. F. CoLCORD, E. F. Kern and J. J. Mulligan 
Leaching Mixed Copper Ores with Ferric Sulfate; Inspiration Copper Co. G. D. Van 
Arsdale 

Effect of Zinc Oxide on the Formation Temperatures of Some Ferrous Slags. Horace 
Tharp Mann 

Treatment of the Telluride-bearing Gold Ores of the Wright-Hargreaves Mines, Ltd. 
W. A. Mueller, J. E. Grant and C. L. Heath 

Milling and Concentration 

Galen H. Clevenger, Chairman 

Mechanism of Filtration. Arthur W. Hixson, Lincoln T. Work and Isaac H 
Odell, Jr. 

Classification in Witwatersrand Mills. Bennett R. Bates 
An Investigation of Crushing Phenomena. A. M. Gaudin 

Non-metallic Minerals 

Dr. H. Ribs, Chairman 

Mining and Preparation of Eastern Molding Sands. R. M. Bird 
The Use of Standard Tests of Molding Sands. H. Ries 

American Glass Sands, Their Properties and Preparation. Charles R. Fettke 
Washing and Sizing Sand and Gravel. Edmund Shaw 
Preparation and Use of Industrial Special Sands. W. M. Weigel 
Pyro- and Hydro-treatment of Magnesite and Dolomite. Hugh M. Henton 
Borate Deposits Near Kramer, California. Hoyt Stoddard Gale 

Institute of Metals Division 

A. E. White, Chairman 

Effect of Reheating upon the Al-Cu-Ni-Mg and the Al-Cu-Fe-Mg (Piston) Alloys. 
Samuel Daniels 

Endurance Properties of Non-ferrous Metals — II. D. J. McAdam, Jr. 

The Lead Antimony System and the Hardening of Lead Alloys. R. S. Dean, L. 
ZicKRiCK and F. C. Nix 

A Preliminary Study of Magnesium Base Alloys. Bradley Stoughton and M. 
Miyake 

Dr. Zay Jeffries, Chairman 

Equilibrium Relations in Aluminum-copper Alloys of High Purity. E. H. Dix, Jr., 
and H. H. Richardson 

Modification and Properties of Sand-cast Aluminum-silicon Alloys. Robert S. 

Archer and L. W. Kbmpf 
The Microstructure of Aluminum. K. L. Meissner 

Samuel A. Taylor, Chairman 

Relation between Metallurgy and Atomic Structure. Paul D. Foote 
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C. S. WiTHBREUi, Chairman 

The Hardness of Copper. Samuel L. Hoyt and T. R. Schbrmbrhorn 
The Effect of Lead and Tin with Oxygen on the Conductivity and Ductility of Copper, 
Norman B. Pilling and George P. Halliwbll 
Exudations on Copper Castings. W. H. Bassett and J. C. Bradley 
The Microscopical Structure of Copper. H. B. Pulsifbr 

S. Skowronski, Chairman 

Some Examples of Copper Made Brittle by Hot Reducing Gases. T. S. Fuller 
Action of Reducing Gases on Heated Copper. W. H. Bassett and J. C. Bradley 
The Annealing of Commercial Copper to Prevent Embrittlement by Reducing Gases. 
S. B. Lbitbr 

The Estimation of Oxygen and Sulfur in Refined Copper. W. H. Bassett and H. A. 
Bedworth 

Mining Geology 
E. F. Burchard, Chairman 
Magmas, Dikes and Veins. Waldemar Lindgren 
Geology of the Yoquivo, Chihuahua Mining District. C. W. Hall 
Geology and Ore Deposits of the Asientos-Tepezala District, Aguascalientes, Mexico. 
G. E. Anderson 

Geology of the Zaruma Gold District of Ecuador. Paul Billingsley 
Lead and Zinc in Eastern Canada. Frederick J. Alcock 
Electrical and Electromagnetic Prospecting. Hans Lundberg 
Ore Deposition and Enrichment at the Magma Mine, Superior, Arizona. M. N. 
Short and I. A. Ettlinger 


Iron and Steel 

Dr. j. a. Mathews, Chairman 

The Current Theories of the Hardening of Steel Thirty Years Later. Albert 
Sauveur 

A Photomicrographic Study of the Process of Re-crystallization in Certain Cold 
Worked Metals. Vsevolod N. Krivobok 
A Process for the Prevention of Embrittlement in Malleable Cast-iron. L. H. Marsh- 
all 

An Introduction to Ultra-violet Metallography. Francis F. Lucas 
The Effect of Annealing upon the Hardness of Cold-worked Ingot Iron. Charles Y. 
Clayton 

Bradley Stoughton, Chairman 

Influence of Temperature, Time and Rate of Cooling on Physical Properties of Car- 
bon Steel. — II. Francis B. Foley, Charges Y. Clayton and W. E. Remmbrs 
Effect of Air Gap in Explosion System on Production of Neumann Bands. Francis 
B. Foley and J. E. Crawshaw 
The Iron-tungsten System. W. P. Sykes 
Delta Iron in the Iron Chromium Alloys. E. C. Bain 

Economic Significance of Cyanide Accumulation in the Blast Furnace. Richard 
Franchot 

Open Hearth 

J. V. W. R&ynders, Chairman 
Making Rimmed Steel. Carl Peirce 

Combustion in the Open-hearth Furnace with Special Reference to Automatic Control. 
K. Huesseneb 
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Elimination of Metalloids in the Basic Open-hearth Process. J. L. Kbat^s and C. H. 
Hbbtt, Jb. 

Chemical Equilibrium of Manganese, Carbon and Phosphorus in the Basic Open- 
hearth Process. C. H. Heety, JFb. 

Howe Memorial Lecture 

J. V. W. Reyndbbs, Chairman 
Twenty-five Years of Metallography. William Campbell 

Coal and Coke Symposium 

Chesteb M. Linqle, Chairman 

Report of Coal and Coke Committee. Presented by H. N. Eavenson 
Data on Use of Loading Machine in Bituminous Mines. Graham Bright 
Evaluation of Coal. R,. H. Sweetser 

Air Sand Process of Cleaning Coal. Thomas Fraser and H. F. Yancy 
Relation of Origin and State of Carbonization of Coal to Problems of Low-temperature 
Carbonization. S. W. Parr 

R. H. Sweetser, Chairman 

The Mt. Union Sand-flotation Plant for the Preparation of Bituminous Coal. T. M. 
Chance 

Relation of Ash Composition to the Uses of Coal. A. C. Fieldnbr and W. A. Selvig 
Explosibility of Coal and Other Dusts in a Laboratory Steel Dust Gallery. V. C. 
Allison 

The Selection of Coals for the Manufacture of Coke. H. J. Rose 

Mining Methods* 

R. M. Raymond, Chairman 

Top Slicing in Old Fills at El Bordo Mine, Mexico. R. J. Mechin 

Mining Methods in Grass Valley District, California. J. A. Fulton and A. B. Foote 

Sharpening and Handling Drill Steels at Franklin. C. M. HAtoHT 

Symposium on Explosives 

Some Dr illi ng and Blasting Methods for Mining Coal in the United States. Theodore 
Marvin 

Liquid Oxygen as an Explosive. Frederick W. O’Neil and Herman Van Fleet 

Industrial Relations 

C. E. Dodge, Chairman 

The Organization of Industry. George E, Roberts 
Employe Ownership in Industry. J. M. Shaw 

Ground Movement and Subsidence 

H. G. Moulton, Chairman 

Report of Subcommittee on Coal Mining to Committee on Ground Movement and 
Subsidence. Presented by H. N. Eavenson 
Subsidence Around a Salt Well. C. M. Young 


* See also Mining Methods, Petroleum Division, page xxiv. 
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Necrology 

The following is a list of members who died in 1925. It is compiled 
from reports to the Secretary’s office. 


Ybab of Date of 

Election Name Death 

1020 Adams, Cuylbb C.. May 

1917 Aldbb, Alfbbd Sept. 11 

1916 Babcock, E, J Sept. 3 

1918 Baokbbt, a. O Apr. 24 

1922 Bittneb, Louis J May 31 

1923 Bbacb, Chables Lobing, Jr . .May 2 

1898 Bbinell, j. a Nov. 17 

1916 Bbinqs, Hbnbt Sept. 22 

1900 Bbown, Cony T Jan. 15 

1918 BtrcHANAN, C. G Apr. 9 

1916 Bybbs, Wheaton Bradish May. 7 

1890 Chandler, Chas. F Aug. 26 

1882 Clabk, W. a Mar. 2 

1911 Crabtebb, Fbed. . Feb. 14 

1880 Crocker, A. L Oct. 21 

1021 Cronin, Jambs Mar. 

1903 Cbosby, William O 

1904 Daniel, W. B 

1901 Davis, Stewart A . , Nov. 6 

1887 Day, David T Apr. 15 

1902 Dbfty, W. E July 23 

1893 Emmons, N. H., 2d. May 25 

1880 Farrell, Austin Dec. 25 

1905 Frames, Minett E . 

1921 Gannett, Roger W Nov. 

1920 Glass, Andrew Nov. 

1918 Gobelangton, C. A. . Feb. 25 

1921 Gray, Bundy M Mar. 21 

1919 Greenfield, Ray C Oct. 28 

1921 Haggin, Edward R Sept. 13 

1915 Hanford, Jabez B Sept. 25 

1919 Hamilton, H. L Dec. 29 

1873 Harden, E. B July 11 

1882 Hardman, John E Apr. 3 

1921 Hartung, Herbert C . . . . Apr. 29 

1918 Haynes, Elwood Apr. 13 


Ybab of Date of 

Election Name Death 

1880 Hunt, F. F Apr. 10 

1902 Kehler, Charles R Apr. 28 

1917 Kelly, Charles Brace Sept. 20 

1923 Kemmerer, Mahlon S Deo. 29 

1911 Kiddie, John Apr. 17 

1917 Leonabz, Albert May 4 

1891 McCormack, G. B Nov. 28 

1905 Mbrriman, Mansfield June 7 

1902 Mbsta, George Apr. 22 

1903 Miller, Willbt G Feb. 10 

1916 Molino, Olbgario Apr. 28 

1907 Nakamura, Kbuiro Jan. 2 

1920 Neel, Hiram A Feb. 18 

1900 Osborne, Francis D May 19 

1905 Pearson, William B Nov. 18 

1921 Peck, Frederick B Nov. 2 

1911 Pbttbbonb, Edgar Rice. July 27 

1891 Reynolds, George B Feb. 23 

1876 Riley, Lewis A Apr. 23 

1876 Sanders, R, H Jan. 23 

1879 ScAiFB, William Lucibn... 

1883 Shockley, William H . . . . May 26 

1914 Tackman^ Henry Nov. 24 

1879 Thomas, Edwin 

1913 Thompson, J. Frank Jan. 10 

1907 Uren, W. J Nov. 6 

1903 Valentine, Malvern R Mar. 25 

1872 Van Absdalb, W. H Mar. 16 

1923 VAN DBR Veen, R. W Mar. 

1919 Van Horn, S. E May 1 

1919 Warren, Wesley W Sept. 8 

1894 Weinberg, E. A Apr. 2 

1882 Wiles, Edwin L Jan. 19 

1881 Wiley, W. H May 2 

1882 Williams, Ben Sept. 2 

1919 Wolf, J. H. G Dec. 19 
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Biographies 

Biographical sketches have been published in Mining and Metallurgy 
as follows: 


Name 

Eablb J. Babcock 

A. O. Backebt 

CoNT T. Brown 

Chablbs Gobdon Buchanan. 
Wheaton Bbadibh Byebs. . . 

Chablbs F. Cuandleb 

William A. Clabk 

Fbbdebicx Cbabtbee ... 

Jambs Cbonin 

W, B. Daniel 

David Talbot Day 

Nathaniel Henby Emmons. 2d 

Roy C. Gbeenpibld 

Mansfield Mbbbiman 

Geobob Mesta 

WlLLBT GbBEN MiLLEB 

Fredebick B. Peck 

Edoab Rice Pettebone 

Lewis Adams Riley 

J. Frank Thompson 

William Henry Van Arsdale 

Edwin L. Wiles 

WiLUAM Halsted Wiley , 


A. L. Crocker 

Austin Farrell 

Harry L. Hamilton 
Charles Raymond Eehler . . 

William H. Shockley 

William J. Urbn 


Date op 

Issue 


Death 

1925 

Page 

Sept. 

3. 1925 

Dec. 

623 

April 

24, 1925 

June 

304 

Jan. 

16, 1926 

March 

162 

April 

9. 1926 

May 

250 

May 

7, 1925 

June 

305 

Aug. 

26, 1925 

Nov. 

678 

March 

2, 1925 

April 

206 

Feb. 

14, 1925 

April 

May 

208 

March 

3, 1925 

251 



March 

162 

April 

15, 1925 

June 

302 

May 

25, 1926 

Nov. 

679 

Oct. 

28, 1926 

Dec. 

623 

June 

7, 1925 

July 

353 

April 

22, 1925 

June 

305 

Feb. 

10, 1925 

March 

160 

Nov. 

2, 1925 

Dec. 

623 

July 

27, 1926 

Nov. 

578 

April 

23, 1925 

June 

305 

Jan. 

10. 1925 

July 

353 

March 16. 1926 

June 

304 

Jan. 

19, 1925 

April 

207 

May 

2, 1925 

June 

1926 

305 

Oct. 

14, 1925 

Jan. 

33 

Dec. 

25, 1926 

Feb. 

88 

Dec. 

29, 1926 

Feb. 

89 

April 

May. 

28, 1925 

June 

267 

26, 1925 

Feb. 

87 

Nov. 

6, 1925 

Jan. 

33 
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Effect of Zinc Oxide on the Formation Temperatures of 
Some Ferrous Slags 

By Horace Tharp Mann, Okmulgee, Okla. 

(New York Meeting, February, 1926) 


A FEW years ago, it was generally thought that from 15 to 18 per cent, 
of zinc oxide was the upper limit of a workable lead blast-furnace slag. 
With slags above this zinc-oxide content, the furnaces gave so much 
trouble because of hearth, wall, and crucible accretions that the campaign 
was very short. The time lost in cleaning out the frozen furnaces, for 
it was seldom possible to blow them out, and blowing in was so great 
that it was considered uneconomical to attempt the running of high-zinc 
slags, even if this were metallurgically possible. It is true that there are 
references to one or two slags much higher in zinc than the foregoing,* 
but the average smelterman regarded these as freaks and not to be con- 
sidered for regular furnace work. 

One or two plants, notably the plant of the United States Smelting 
Co. at Canyon City, Colo., ran charges higher in zinc. At this plant, 
the zinc-oxide content of the charge was frequently 20 per cent, and 
higher but the slags from these furnaces seldom ran over 10 to 12 per 
cent, zinc oxide. The furnaces were run with a large volume of air under 
a relatively low pressure, a low smelting column, and a very hot top; as 
a result, a large amount of zinc was volatilized. Even with the low 
smelting column and hot top, accretions caused much trouble and barring 
down was a daily occurrence. 

At the time most of the theories on lead blast-furnace work were pro- 
mulgated or worked out, it was necessary to run a furnace with a cold top 
in order to avoid an excessive loss due to fines and fume. At the same 
time, the smelting conditions had to be such that the lead and silver would 
be reduced and would enter the bullion. The slag had to be liquid but 
the charge must not give excessive accretions either in the hearth or on 
the walls of the furnace. This forced the operators to run the furnaces 
with a comparatively low blast, which, in turn, caused a small fuel con- 
sumption per unit of time with the accompan 3 dng result of a low 
working temperature. 


* Heniy F. ColliiiB: Metallurgy of Lead. Griffin & Co., London, 1910, 156 (slag 
No. 18). 
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The low temperature and the construction of the furnace necessitated 
sla gs and bullion that did not hold much material in solution ; the cooling 
of the slag and bullion, after passing the tuyeres, would have caused 
excessive segregation, and this material would have soon formed accre- 
tions, which would have ended the furnace campaign. At the same time 
the carbon of the coke was depended on for all of the reduction. If 
metallic iron was needed for the decomposition of sulfides and silicates, 
it was obtained by reducing a portion of the iron oxides of the charge 
with carbon. As a result, when attempts were made to force the fur- 
nace, either a hot top developed or excessive reduction was obtained; 
the metallic-iron sows were evidence of the latter. 

The introduction of pot roasting, and later of sinter roasting, removed 
much of the trouble. The lumped product of these roasters materially 
lowered the dust losses from the furnace. At the same time, the coarse 
material permitted a better penetration of the blast, thus giving more 
uniform smelting conditions over the entire furnace. This change, 
from fine to coarse material, also permitted better furnace regulation. 
As a result, the melted material entered the crucible with a much more 
uniform temperature and there was much less segregation. 

The general installation of the Cottrell process and of bag houses 
aided in recovering, in a large measure, the losses due to dusting, hot 
tops, and roasting. With this accomplished, it became possible to roast 
or sinter any ore and to use a much stronger blast, with the attendant 
advantage of a higher smelting temperature. The siphon tap was 
enlarged, so that accretions could be readily removed. Metallic iron 
was generally added to the charge to aid the reduction, rather than 
attempt to balance conditions so that just the proper amount of iron 
would be reduced from the charge. 

With the increase in the temperature of the smelting zone, slags with 
a higher formation temperature and a high running temperature could 
be made, a hotter crucible could be maintained, and the general working 
conditions much improved. If an occasional hot top developed it was 
not a serious matter. In fact, at one plant the furnaces are operated 
with hot tops. 2 As a result, the '‘type slags'' of the older lead metal- 
lurgy? which had comparatively low working temperatures, have 
practically disappeared. 

In a few localities, the metallurgists experimented with slags high in 
zinc; the lead ores there being fairly high in zinc that could not be sepa- 
rated readily, if at all, mechanically. Likewise, it was not considered 
advisable to erect a hydroelectrolytic zinc plant for the treatment of 
these high-zinc lead ores for the recovery of the zinc. In other plants, 
it was not considered advisable to use the electrolytic process on all the 
complex ores. 

* Private communication to Prof, Carle R. Hayward. 
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In these localities, they have succeeded in making slags with a zinc- 
oxide content as high as 38 per cent, without serious furnace troubles.* 
One {dant made a slag having a zinc-oxide content of 20.9 per cent, 
for 6 months and other slags up to 33 per cent, zinc oxide for long enough 
periods to show that they were commercial slags. ^ An American 
plant ran its furnaces for over eighteen months on charges that produced 
slags having a monthly average above 18 per cent, zinc oxide and one 
month they were over 24 per cent, zinc oxide.* The composition of these 
slags is given in Table 1. 


Table 1 


Footnote 

Reference 

Pb. 

Per Cent. 

Per Cent. 

Zn. 

Per Cent. 

ZnO. 

Per Cent. 

CaO, 

Per Cent. 

Fe. 

Per Cent. 

FeO, 

Per Cent. 

SiO,, 

Per Cent. 

AliOi, 

Per Cnet. 

MnO, 

Per Cent. 

6 

1.9 



24 15 

6 8 



17.6 

4.6 


7 

3.0 


29.2 


5.2 

34.1 


16.5 



8 

3.0 


30.9 


4.7 

31.9 


13.5 



9 




33.3 

8.9 


20.3 

18.4 


5.1 

10 

1 to 2 



31.8 



20.3 1 

18.3 

5 to 6 

4.9 


Economic Considerations 

A question which naturally arises at this point is, why is it desirable 
to make slags with such a high-zinc content from the standpoint of the 
value of their contained zinc? One of these slags contains 30 per cent, 
of zinc which, at $0.05 per lb. gives to the zinc in a ton of slag a gross 
value of $30. At the present time, the answer is purely an economic one. 
The market will absorb practically all of the lead that the mines of the 
world can produce at a price that permits profitable operations. The 
general tendency, taken over a number of years, is a falling off in 

* R. G. Hall: Smelting Practice at Namtu. Eng, <St Min, Jnl.-Pr, (1923) 116 , 
767. 

^O. A. Woodward and J. C. Hughes: Lead Smelting Practice at the Port Pirie 
Works of the Broken Hill Associated Smelters Pty. Ltd. Aust. Inst, of Min. & 
Met. (1922) New Series No. 47. 

‘ Private communication to Prof. Carle R. Hayward. 

• Private communication to Prof. Carle R. Hayward. 

7 and 8 Q. HalL Smelting Practice at Namtu. Eng, Min, Jnl,-Pr. (1923) 

116 , 757. 

» O. H. Woodward and J. C. Hughes: Lead Smelting Practice at Port Pirie Works 
of the Broken Hill Associated Smelters Pty. Ltd. Aust. Inst, of Mng. & Met. (1922) 
New Series No. 47. 

Gilbert Ri^: Roasting and Lead Smelting Practice at the Port Pirie Works 
of the Broken Hill Aaeociated Smelters Pty. Ltd. Inst. Mng. & Met. (1920) 29 , 377. 
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the avera^ lead content of ores, indicating that the consumptive demand 
is increasing more rapidly than production. This is not the case with 
sine. The production of zinc is regulated entirely by the consumptive 
demand. Nothing shows this more plainly than the great fluctuations 
in the yearly production which in the United States in the last twelve 
years has increased from 181,000 to 607,000 metric tons.“ Normally 
the United States produces about 25 per cent, of the world ^s supply, 
yet in two years, because of high prices, the production of this country 
nearly doubled, the high figure being equal to about 60 per cent, of the 
world’s normal supply. This was done without the opening up of any 
considerable number of new mines of any great size. As soon as the 
demand decreased, production was curtailed and in 1921 was about 18 
per cent, of the normal annual production for the world. 

Such districts as Leadville, Butte, etc. have extensive deposits of low- 
grade zinc ores that can, and will, be worked whenever there is sufficient 
demand to make their treatment profitable. At present, the richer ores 
are being worked, the grade being regulated by the price of zinc. These 
low-grade ores cannot compete with the high-zinc pure ores of the large 
zinc-producing districts of the country. Many of the western mines 
that can make a concentrate containing 50 per cent, zinc or better could 
hardly compete with the mines of the Mississippi Valley and New Jersey 
if it were not for the silver that the western ores usually carry. Until 
these conditions change, one may expect complex ores of lead and zinc 
or of lead, silver, and zinc that cannot be separated by mechanical means, 
or where a hydroelectrol 3 diic plant is not feasible, to be smelted for their 
lead-silver content provided that there are sufficient lead and silver to 
make operations profitable. Without doubt, some time these slags will 
be treated for their zinc and, at the same time, the iron will probably 
be extracted. Several processes have been patented for extracting the 
zinc from slags of this sort, but they have been unable to compete with 
mines producing desirable concentrates. Until such time as the mines 
are unable to produce high-grade products the low-grade products will 
be of little value. 


Problem 

In this problem an attempt was made to determine the formation 
temperatures of ferrous slags, containing from none up to as high as 60 
per cent, zinc oxide, over as great a variation in the percentages of silica, 
iron, and lime, as one would be apt to encounter in practical smelting of 
lead ores high in zinc. As there were four variables, few determinations 
were made that did not have a direct bearing on the limited fidid of this 
problem. To attempt to work out all of the possibilities would take 


“ Mineral Industry (1916) 24 ; (1922) 81, 741, 
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several years^ time and the writer doubts if this work would be justified 
by the practical application of the problem. 

The formation temperatures cd the various slags were obtained by 
determining the temperature at which "'seger cones'^ (made from the 
83mthetic dags) became liquid, by means of a platinum-platinum 10 per 
cent, iridium thermocouple with a potentiometer, up to the temperature 
limit of the couple, and with a Scimatco optical p3n^meter ab^ve this 
temperature. These cones were of the usual form, having an equilateral 
triangular base ^ in. on a side and a height of 1 in. They weighed from 
0.8 to 1.1 gm., depending on the composition. 

The materials used for making the cones were crushed quartz as the 
source of silica, calcium carbonate as the source of lime, zinc oxide, ferrous 
oxide, and a 10 per cent, solution of dextrine in water. The silica was in 
the form of quartz crystals crushed to pass a 100-mesh Tyler standard 
screen having openings 0.147 mm. (0.0058 in.) ; an analysis of this material 
gave 99.90 Si02. In this work, the crushed quartz was considered as 
containing 100 per cent, silica. None of the slags contained over 38 
per cent, silica so that the greatest possible error from this source is 
0.038 per cent. 

Calcium carbonate was used to furnish the lime (CaO). This cal- 
cium carbonate was a precipitated product containing 56.00 CaO which 
was equivalent to 99.96 CaCOa. The principal impurities were 0.01 
per cent. MgO and 0.005 per cent, of FeO. The use of calcium oxide was 
attempted, but this was impractical because the alkalinity of this sub- 
stance destroyed the adhesive properties of any ordinary bonding 
material. To develop the natural bonding property of the calcium oxide, 
it was necessary to add a large excess of water to the slag mixture and 
allow this wet charge to stand for about 6 hr. and then evaporate the 
excess of water, or to keep the charge moistened for three or four days. 
Either method was objectionable because of the rapid oxidation of the 
wet ferrous oxide. It is possible to bond the lime with hot paraflSn, 
but this is never resorted to unless absolutely necessary, because of the 
great inconvenience in working with the hot materials. 

The zinc oxide was a precipitated material containing 80.28 per cent. 
Zn, which is equivalent to 99.93 per cent. ZnO; this was considered 
as pure. 

The ferrous oxide contained 77.49 per cent. Fe, which is equivalent 
to 99.70 per cent. FeO and in this work was considered as pure ferrous 
oxide. This material was slightly magnetic probably because of the 
presence of both metallic iron and the magnetic oxide. If the magnetic 
properties had been due to either metallic iron or magnetite alone, the 
analysis would have been higher or lower, depending on which was 
ptosent. This was not considered a serious defect, for lead blast-furnace 
charges usually have both metallic iron and the higher oxides of iron in 



8 EFFECT OF ZINC OXIDE ON FOBMATION OF FBRBOUS SLAQB 

ihmk. It made the synthetic slags resemble actual conditions 
more closely. 

The proportions for each slag were weighed to the nearest 0.1 mg. 
when the amount was 500 mg. or less and to the nearest milligram for 
quantities in excess of 500 mg. The total weight taken for each slag was 
between 5 and 10 gm. The dry materials were placed on a watch glass 
and thoroughly mixed with a spatula. This charge was then moistened 
with a 10 per cent, solution of dextrine in water to a consistency similar 
to that of glazier's putty. The incorporation of the bond required a 
thorough mixing and working so that each charge was mixed twice. No 
attempt was made to determine the percentage of solution necessary to 
give the correct consistency to the plastic material. Silica and ferrous 
oxide required a much smaller quantity of solution than calcium carbon- 
ate and zinc oxide. The total solution required varied for each slag. 
With pure iron silicates, it was difficult to get the proper consistency; 
one drop of solution in a 5-gm. charge made it too dry to work or too wet 
to mold. Any person making up a series of cones will find it much simpler 
to determine the quantity of solution required by a few preliminary trials 
tlian to determine the factors and calculate it for each slag. If the 
individual charges are of any appreciable size, however, it would be advis- 
able to determine the moisture factor; but for charges of 10 gm. and under 
it is easier and quicker to determine the proper moisture content by the 
way the material feels when worked with a spatula. 

The wet material was pressed into a seger cone mold, which had been 
coated with a thin film of oil. The cones were removed from the mold 
and placed on an oiled glass plate to dry. No trouble was exi)erienced 
in removing the cones from the mold if it had been oiled and the material 
was not too wet. 

It was found that dry glass was not suitable to receive the cones, as 
they stuck to the glass and, when drying, frequently cracked, or else 
were broken in their removal. The higher the iron content of the slag, 
the greater was the difficulty resulting from the cones sticking to the 
glass plate. 


Furnace 

The furnace used was a gas-fired muffle furnace. The combustion 
chamber was 14 in. wide by 14 in. high by 15 in. deep. This chamber was 
lined with a kaolin brick '‘KO" obtained from the Babcock & Wilcox 
Co., East Liverpool, Ohio. The gas ports and flue were lined with a 
bauxite brick, obtained from the same company. The top of the com- 
bustion chamber was carborundum tile. Two courses of brick were 
placed outside the lining, the first being of firebrick and the second an 
insulating brick. The burner was a Maxon Premix No. 1 with a water- 
cooled nozzle. The muffle was of carborundum 6^ in. wide by 4J^ in. 



HORA.CB THABP ICANN 


9 


high by 12)4 b». deep, inside. It was supported at the front on a bauxite 
brick and at the back by a “refrax” brick. Refrax bricks were used for 
baffles to disri^bute the gas. The position of the baffles was changed 
until the deored heat distribution was obtained. As this changes for 



Fia. 1 . — Furnace closed. 


each design, no attempt was made to locate the position of these exactly 
on the drawings. With this furnace and burner, it was possible to get 
1600® C. in the muffle. The writer several times heated firebrick until 
they were plastic. The method and details of construction are shown 
in Figs. 1 to 6. 

The cones for the melting tests were mounted on a layer of 80- 
mesh carborundum spread on a piece of high melting-point fireclay brick. 



Fig. 2, — Muffle open, cones ready for furnaces. 


This brick was 6 by 4J4 by bi. The carborundum was bonded with 
a mixture of dextrine and molasses in water; this bond gave better results 
than either dextrine or molasses in water. The dextrine did not seem to 
have sufficient adhesion to hold the cones well; the molasses softened 
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Fig. 3. — Muffle closed and ptbombtbr inbsbtbd. 



Fig. 4. — Muffle open fob inspection. 



Fig. 6. — Muffle open fob of optical ptboiodtbb. 




ROBACB THABP UANN 


11 


to a very Loconvenient extent when placing the mountings in the furnace. 
Each cone was placed on the carborundum while the latter was moist. 
Suffident pressure was applied to make the cone penetrate the carborun- 
dum to a depth of about io- so that each cone was seated in a slight 
depresdon. No other material was used for mounting. 

On each brick were placed fifteen cones in three rows of five each. 
After mounting, the assembly was set away to dry preferably for 48 hr. 
They can be dried in 2 or 3 hr. on the top of a hot furnace but the writer 
experienced leas trouble with the crumbling of the carborundum and 
falling of cones when the assembly was dried slowly. After drying for 


N 
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Fig. 6. — Construction of furnace. 


48 hr., the assembly was placed on the top of a furnace, where the tem- 
perature was 90 to 100® C., for 2 hr. The cones were then ready for 
the furnace. 

Melting Tests 

The furnace was first heated to a temperature in the muffle between 
1300® C. and 1400® C.; this usually took about 3 hr. If the furnace had 
been out of use over 10 hr., about 4^ to 5 hr. were required to heat up. 
If cones were placed in a cold furnace, the temperature of the air above 
the firebrick cone support would be much higher than the temperature 
the brick, so that the point of the cone would be at one temperature and 
the base at another. This difference was found to be as much as 200 C. 
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Under this condition, it was impossible to get even an approximate 
determination of the temperature at which the cone fused. When the 
temperature in the muflSe had reached 1300® to 1400® C., the gas was 
turned off and the muffle opened and allowed to cool as rapidly as possible 
to a temperature below the estimated softening point of the lowest 
melting cone in the sets that were to be run. Two firebricks, each with 
15 cones, were put in the muffle; this placed the front row of cones about 
43^ in. from the front of the muffle. The muffle was then closed and the 
furnace allowed to stand until the temperature of the firebrick and muffle 
were practically the same. In the preliminary heating of the furnace, 
the cooling of the muffle, and the equalizing of the temperature of the 
firebrick cone supports and the muffle, the aim was to have as great a 
reserve of heat as possible at a temperature just below the estimated 
softening point of the cones, so that when equilibrium was established 
the temperature would be near the melting point. Attempts were made 
to run the furnace on a reduced gas input and in that way keep tempera- 
tures uniform. This was not successful because the smallest gas input pos- 
sible with this burner heated the muffle more rapidly than the brick and 
it was not possible to get a uniform temperature. If for any reason the 
muffle cooled to a lower temperature than was desired, it was found 
advisable to heat the furnace until the temperature in the muffle was as 
close to the formation temperature of the cones as possible. The gas 
was then shut off and all temperatures allowed to equalize before the final 
heating was started. 

When all temperatures were practically uniform and as near the esti- 
mated softening temperature of the cones as possible, the gas was turned on 
and the furnace heated as rapidly as possible. Observations were made 
at 10® C. intervals until the first cone showed signs of softening or melt- 
ing, after which the observations were practically continuous until the 
close of the run. The muffle was then opened, the brick removed, the 
gas turned off, and the furnace cooled preparatory to the next run. 

Atmospheric Conditions 

It is possible, in furnace work, to have a reducing, a neutral, or an 
oxidizing atmosphere. All three were tried. A reducing atmosphere 
was maintained by running the gas burner with an excess of gas and allow- 
ing some of the gas to escape around the openings at the front of the 
muffle ; this kept the outside air from entering the muffle. In the muffle 
was placed a large quantity of gas carbon. These conditions produced 
a moderate reducing atmosphere. To obtain an oxidizing atmosphere, 
no special conditions were necessary. The neutral atmosphere was the 
more difficult to obtain. The burner was run with just as near a neutral 
flame as possible and a sufficient quantity of gas was allowed to escape 
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through the openings at the front of the muffle so that there was an out- 
flow of gas through all openings. 

When the conditions in the muffle were reducing, there was a reaction 
between the zinc oxide and the carbon compounds in the gas and from the 
coke. The vaporized zinc escaped with the gas at the front of the muffle 
in sufiicient quantities to make the fumes of zinc oxide distinctly visible. 
For this reason, the use of a reducing atmosphere was abandoned. An 
oxidizing condition was not wanted, for it would oxidize a part or all of 
the ferrous oxide to some higher oxide. In all the work, it was attempted 
to keep the atmosphere in the muffle as nearly neutral as possible. In 
this way the reduction of the zinc oxide and the oxidation of the ferrous 
oxide were prevented. 


Temperature Measurements 

All temperature measurements up to 1500° C. were made with a 
platinum and platinum-10 per cent, iridium thermocouple and a poten- 
tiometer. This thermocouple was standardized against the melting 
points of lead, antimony, and copper. The couple was protected by 
quartz tubing, which at the higher temperatures had a very short life. 
For temperatures above 1500° C., a Scimatco optical pyrometer was used. 
This instrument was standardized in the usual way with amyl acetate 
and then the two instruments were compared. The variation was about 
20° C., the optical giving the higher temperature. During the course of 
the work, the two instruments were compared at the start and close of 
each day^s work. The comparisons were made at temperatures of 1200° 
C. or higher and no appreciable variations from that found at the start 
of the work were observed. 

Temperature Range during Melting and Viscosity 

The preliminary idea was to obtain the temperature range from the 
point of incipient fusion, as shown by the rounding of the edges of the 
cone and its conversion into a liquid. This was not possible because of 
the great variation in the behavior of the cones. A few cones acted in 
the normal manner of seger cones: the edges and point softened, then the 
cone bent until the point touched the support, finally it liquefied. Most 
of the cones gave no indication as to their condition until they were 
liquid. A cone would be standing and show no signs of fusion, yet with 
a temperature change of 10° C. or less it would be completely liquefied. 
It did not bend at all but merely collapsed as if its support had been 
removed. A few cones seemed to shrink without any sign of fusion and 
then suddenly collapsed. 

The plan of determining the viscosity was abandoned, for most of the 
slags, as soon as they become liquid, evolved gas very rapidly and zinc was 
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given ofif copiously. The viscosity of the slag, after it had lost a portion 
of its zinc oxide, was of no interest. This was not true of the slags that 
did not contain zinc but their viscosity is fairly well known. 

Discussion 

The formation temperatures are plotted in Fig. 7. The horizontal 
axis gives the calcium-oxide content of the basal slags; these basal slags 
are connected by a light solid line. At the point of each basal slag is a 
minor horizontal axis. This has two scales, one showing the percentage 
of zinc oxide in the basal slag after each addition of zinc oxide. Each 
division is equivalent to 6.66 per cent., the total being equivalent to 50 
per cent, of zinc oxide in the basal slag. The second scale is for the 
replacement of lime (CaO), iron oxide (FeO), and silica (Si02) by zinc 
oxide and each division represents the replacement of one eighth of the 
total material present in the basal slag by an oxygen equivalent quantity 
of zinc oxide. The temperature scale is the same for all curves. 

The iron silicates show a minimum, in all but one case, on the addition 
of 9 per cent. zinc. This gives an increase in the ratio Si02/Zn0 varying 
from 1.57 to 3.56 as the silica or acidity of the slag increases. This 
increase is not regular. These slags are of little interest in non-ferrous 
metallurgy as they have a high specific gravity and therefore trouble 
would be experienced in separating the bullion and matte from the slag. 

The addition of zinc to the basal slags containing lime shows a mini- 
mum in eight cases out of sixteen. The formation temperatures make 
very irregular curves. The general tendency is for the formation tem- 
perature of the slag to rise sharply with additions of more than 10 per 
cent.^zinc. The irregularity of these curves is to be expected when one 
considers that two of the four elements present can act as either an acid 
or a base, depending on conditions which are practically unknown at the 
present time. Also the basic slags low in lime are good solvents and the 
possible solutions and combinations are great. 

The replacement of lime (CaO) by zinc oxide gives rather irregular 
results. Some slags show a minimum, others show a maximum and then 
a m i n i m um, others show two minimums, while others give an almost 
smooth curve rising as the temperature rises. At first glance, one is 
surprised at the smallness of the effects produced by replacing the lime by 
zinc oxide with that produced by replacing the other materials. In 
these slags the lime is low so that when all of the lime is replaced the slag 
seldom contains over 20 per cent, zinc oxide; while with the replacement 
of the silica and iron, and the addition of zinc oxide to the basal slag, it 
usually reaches a total of 50 per cent, or more. 

The effect of substituting barium and magnesium for a part or all of 
the lime was not investigated. We know that zinc-barium slags, in 
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general, have lower formation temperatures than zinc-calcium slags. 
But barium incr^ses the specific gravity of slags and most of these slags 
have a specific gravity very close to if not above the economic limit. 
The magnesium, if present in any considerable amount, raises the melting 
temperature so that its use is to be avoided if possible. 

Attempts to classify the results so far have proved failures. If 
the minimums are considered, there is no apparent relation between the 
percentage of silica and the percentage of zinc oxide, other than that the 
ratio silica to zinc oxide becomes progressively less as the lime content 
increases; in a measure this ratio decreases as the acidity of the slag 
increases. All attempts to work out a constant that will even approxi- 
mate the results obtained have so far failed. 

Replacement of Iron Oxide by Zinc Oxide 

Taking the thirteen curves that show a minimum, the ratio of silica to 
zinc oxide varies between 1.24 and 3.18. This ratio increases as the lime 
content of the slag increases and as the acidity increases; the increase is 
not regular. After the minimum point is reached, the formation tem- 
perature rises making a fairly smooth curve. The temperature at which 
the calcium silicate with a high percentage of zinc fuses was not deter- 
mined. It is well above the temperature at which the firebrick 
became plastic. 

These curves show that the iron requires close regulation. Most 
blast furnaces are driven at just about their limit so that any change in 
the composition of the charge which requires a great increase in the 
quantity of heat supplied per unit of charge usually slows down the fur- 
nace. This decrease in tonnage increases the cost of treatment per ton to 
such an extent that it is seldom permissible. If the change is too great, 
the charge must be changed or the furnace will freeze. 

Replacement of Silica by Zinc Oxide 

With the exception of two slags. No. 8 and No. 19, the ratio of silica to 
zinc oxide for the minimum is between 2.58 and 2.61. These curves also 
rise very rapidly once the minimum is passed, and indicate that the charge 
mixing for the furnace will have to be done very carefully if furnace 
troubles are to be avoided. 


Conclusions 

The difference between the formation temperature and the running 
temperature was small in most cases. Few slags were encountered that 
would cause any appreciable trouble in furnace operations due to a 
pasty stage. 

VOL. LXXXXI. — 2 . 
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The addition of zinc oxide to the basal slagSi in excess about 10 
per cent., generally increased the formation temperature of the slageu 
This increase is not regular for a given slag and is not uniform between 
the various slags. 

The effect of the replacement of the lime by zinc oxide is irregular and 
small. The formation temperatures, in general, are lowered on the 
addition of small quantities of zinc oxide and then increase as the per- 
centage of zinc oxide increases. 

The replacement of the silica by zinc oxide, in general, causes a lower- 
ing of the formation temperature and then an increase. This increase 
is greater with the more acid slags. 

The replacement of the iron oxide by zinc oxide gives the more uniform 
results. In general, there is, first, a lowering followed by a rise in the 
formation temperature. This rise in most cases is rapid so that the 
ratio of iron to zinc in the charge will require careful regulation. 

As a whole, this work shows that there are a large number of combina- 
tions that can be run on the modem furnace and produce a high-zinc slag, 
but that any furnace running on any of the slags high in zinc will require 
careful handling if serious troubles are to be avoided. 

Slight changes in either the percentage of silica or iron oxide require 
great changes in the ratio of fuel to charge. If the charges are not pro- 
portioned carefully and mixed thoroughly, the furnace will be burdened 
with material that has a slag-formation temperature higher than that 
which the furnace can produce. 
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Composition of Slags 


Per Cent. 

Per Cent. 

Per Cent. 

Per Cent. 

Formation 

SiOt 

FeO 

CaO 

ZnO 

Temperature, 
Degrees C. 


Slac No. l-~10RO.2SiOt 


14.30 

86.70 

0.0 

0.0 

1160 

18.0 

77.9 

0.0 

9.1 

1136 

11.9 

71.4 

0.0 

16.7 

1146 

11.0 

66.9 

0.0 

23.1 

1160 

10.2 

61.2 

0.0 

28.6 

1168 

9.6 

67.2 

0.0 

33.3 

1180 

8.9 

53.6 

0.0 

37.6 

1190 

8.4 

60.4 

0.0 

41.2 

1190 

7.9 

i 47.6 

0.0 

44.6 

1198 

7.2 

42.8 1 

0.0 

60.00 1 

1206 


Slag No. 2 


14.6 

81.6 

4.0 

0.0 

1170 

Slag No. 3— lORO.SiOt 

14.62 

77.38 

8.00 

0.00 

1139 

14.6 

77.0 

7.0 

1.4 

1150 

14.6 

76.7 

6.9 

2.9 

1163 

14.4 

76.4 

5.0 

4.2 

1153 

14.4 

76.0 

! 3.9 

6.7 

1161 

14.3 

75.6 

3.0 

7.1 

1162 

14.2 

76.3 

2.0 

8.5 

1163 

14.2 

75.0 

1.0 

9.8 

1148 

14.1 

74.7 

0.0 

11.2 

1144 

14.6 

66.8 

7.9 

10.8 

1133 

14.3 

56.6 

7.8 

21.4 

1139 

14.0 

46.6 

7.7 

31.7 

1145 

13.9 

36.7 

7.6 

41.8 

1134 

18.7 

27.3 

7.6 

61.5 

1130 

13.6 

18.0 

7.4 

61.0 

1131 

13.4 

8.9 

7.3 

70.4 

1220 

13.2 

0.0 

7.3 

79.6 

1600 

12.3 

75.1 

7.8 

4.8 

1160 

10.4 

72.9 

7.5 

1 9.2 

1173 

8.4 

70.8 

7.3 

13.6 

1180 

6.6 

68.9 

7.1 

1 17.6 

1217 

4.8 

67.0 

6.9 

21.3 

1220 

3.1 

66.2 

6.8 

24.9 

1212 

1.6 

63.8 

6.6 

28.1 

1200 

0.0 

62.1 

6.4 

31.6 

1184 


Slag No. 3— 10RO.SiOi 


13.3 

70.3 

7.3 

9.1 

1142 

12.2 

64.4 

6.7 

16.7 

1156 

11.3 

59.5 

6.1 

23.1 

1164 

10.4 

56.3 

5.8 

28.6 

1160 

9.8 

61.6 

5.4 

33.3 

1166 

9.2 

48.3 

6.0 

37.5 

1180 

8.6 

46.6 

4.7 

41.1 

1190 

8.2 

43.0 

4.4 

44.4 

1191 

7.8 

38.7 

4.0 

60.00 

1 

1189 

1 


Slag No. 4— lORO.SiO* 
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CoMPOBiTioN OP Slags 


Per Cent. 

SiOt 

Per Cent. 

FeO 

Per CJent. 

CaO 

Per Cent. 

ZnO 

Formation 
Temperature, 
Degrees C. 

Slag No. 4 — 10RO.SiOt (Continued) 

18.1 

16.3 

10.7 

59.9 

1182 

12.9 

8.0 

10.5 

68.6 

1285 

12.7 

0.0 

10.3 

77.0 

1600 

12.5 

71.1 

11.6 

4.8 

1162 

10.4 

69.0 

11.8 

9.8 

1186 

8.6 

66.8 

11.0 

18.7 

1190 

6.6 

65.1 

10.7 

17.6 

1180 

4.8 

68.4 

10.4 

21.4 

1190 

3.1 

61.7 

10.1 

25.1 

1193 

1.6 

60.2 

9.8 

28.6 

1190 

0.0 

68.6 

9.6 

31.8 

1180 

Slag No. 4— 10RO.2SiO* 

13.6 

66.5 

10.9 

9.1 

1148 

12.2 

61.1 

10.0 

16.7 

1172 

11.4 

56.3 

9.2 

23.1 

1180 

10.6 

62.3 

8.6 

28.5 

1172 

9.9 

48.8 

8.0 

33.3 

1170 

9.2 

45.8 

7.6 

37.5 

1176 

8.8 

43.1 

7.0 

41.1 

1190 

8.2 

40.7 

6.7 

44.4 

1179 

7.4 

36.6 

6.0 

1 60.0 

1240 


Slag No. 5— 10RO.2SiOi 


14.9 

69.1 

16.0 

0.0 

1100 

Slag No. 6— 8R0.2Si0» 

17.2 

82.8 

0.0 

0.0 

1105 

15.6 

75.3 

0.0 

9.1 

1077 

14.3 

69.0 

0.0 

16.7 

1105 

13.2 

63.7 

0.0 

23.1 

1131 

12.3 

69.2 

0.0 

28.6 

1132 

11.6 

66.2 

0.0 

33.3 

1137 

10.8 

61.7 

0.0 

37.6 

1142 

10.1 

/48.7 

0.0 

41.2 

1147 

9.6 

46.0 

0.0 

44.4 

1162 

8.6 

41.4 

0.0 

60.0 

1155 


Slag No. 7— 8R0.2Si0i 
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Composition of Slags 


Per Cent. 

Per Cent. 

Per Cent. 

Per Cent. 

Formation 

SiOi 

FeO 

CaO 

ZnO 

Temperature, 
Degrees C. 


Slag No. 7 


15.8 

71.6 

3.6 

9.1 

1090 

li.5 

65.5 

3.3 

16.7 

1106 

18.4 

60.4 

3.1 

23.1 

1139 

12.4 

56.2 

2.8 

28.6 

1147 

11.6 

52.4 

2.7 

33.8 

1152 

10.9 

49.1 

2.6 

87.6 

1167 

10.2 

46.2 

2.4 

41.2 

1168 

9.7 

43.7 

2.2 

44.4 

1168 

8.7 

39.3 

2.0 

60.0 

1171 


Slag No. 8— 8R0.2Si0a 


17.6 

75.4 

8.0 

0.0 

1115 

17,6 

74.0 

7.0 

1.4 

1115 

17.6 

73.7 

6.9 

2.9 

1123 

17.4 

73.6 

4.9 

4.2 

1122 

17.3 

73.1 

3.9 

5.1 

1110 

17.2 

72.8 

2.9 

7.1 

1110 

17.2 

72.4 

1.9 

8.5 

1122 

17.1 

72.2 

0.9 

9.8 

1112 

17.0 

71.8 

0.0 

11.2 

1112 

17.4 

64.4 

7.8 

10.3 

1112 

17.2 

64.4 

7.8 

20.6 

1118 

17.0 

44.8 

7.7 

30.5 

1123 

16.8 

35.6 

7.6 

40.0 

1128 

16.6 

26.3 

7.6 

49.5 

1134 

16.4 

17.4 

7.6 

58.7 

1150 

16.3 

8.6 

7.4 

67.7 

1174 

16.1 

0.0 

7.3 

75.6 

1600 

14.9 

71.7 

7.7 

5.7 

1122 

12.3 

69.3 

7.4 

11.0 

1115 

10.0 

! 66.9 

7.2 

15.9 

1108 

7.7 

; 64.8 

7.0 

20.5 

1118 

6.6 

63.8 

6.7 

24.9 

1128 

3.6 

! 60.9 

6.6 

29.0 

1134 

1.8 

i 59.1 

6.3 

32.8 

1133 

0.0 

1 57.4 

6.2 

36.4 

1133 
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Composition of Blaob 


Per Cent. 

SiOi 

Per Cent. 

FeO 

Per Gent. 

CaO 

Per Cent. 

ZnO 

Foramtioii 
Tempezmture, 
Degreee C. 

Slag No. 9— 8R0.2Si0i 


16.2 

14.8 

18.7 

12.7 

11.8 

11.1 

10.60 

9.00 

8.9 

63.8 

58.5 

54.0 

50.2 

46.8 

43.8 

41.3 

39.0 

85.1 

10.9 

10.0 

9.2 

8.5 

8.0 

7.5 

7.0 

6.6 

6.0 

9.1 

16.7 

23.1 

28.5 

33.3 

37.5 

41.1 

44.4 

50.0 

1120 

1181 

1128 

1145 

1142 

1142 

1145 

1161 

1165 


Slag No. 10--8RO.2SiOs 


18.0 

66.0 

16.0 

0.0 

1123 

17.8 

65.4 

13.9 

2.9 

1123 

17.7 

64.8 

11.8 

5.7 

1110 

17.6 

64.3 

9.7 

8.5 


17.4 

63.6 

7.8 

11.2 

1145 

17.2 

63.2 

5.8 

13.8 

1187 

17.1 

62.6 

8.8 

16.5 

1163 

17.0 

62.1 

1.9 

19.0 

1173 

16.8 

61.6 

0.0 

21.6 

1168 

17.8 

67.2 

15.8 

9.2 

1163 

17.6 

48.5 

15.7 

18.2 

1176 

17.5 

40.0 

16.5 

27.0 

1168 

17.3 

31.7 

16.4 

85.6 

1176 

17.1 

23.5 

16.2 

44.2 

1200 

17.0 

16.5 

16.1 

52.4 

1165 

16.8 

7.7 

14.9 

60.6 

1222 

16.6 

0.0 

14.8 

68.6 

1600 

15.2 

63.6 

15.4 

5.8 

1185 

12.6 

61.4 

14,9 

11.2 

1190 

10.1 

59.3 

14.3 

16.3 

1200 

7,8 

67,3 

13.9 

21.0 

1190 

6.7 

56.4 

13.6 

25.4 

1195 

3.7 

53.8 

13.0 

29.5 

1195 

1.8 

51.9 

12.6 

83.7 

1208 

0.0 

60.6 

12.3 

87.1 

1202 


Slag No. 10 — 8R0.28i0i 


16.4 

60.0 

14.5 

9.1 

1160 

15.0 

66.0 

13.3 

16.7 

1170 

18.8 

50.8 

12.8 

23.1 

1170 

12.9 

47.1 

11.4 

28.5 

1170 

12.0 

44.0 

10.7 

33.8 

1181 

11.8 

41.2 

10.0 

37.5 

1189 

10.6 

88.8 

9.4 

41.2 

1189 

10.0 

36.7 

8.9 

44.4 

1189 

9.0 

83.0 

8.0 

50.0 

1195 


Slag No. 11— 6R0.2Si0s 


21.70 

19.7 

18.1 

16.7 

15.5 

14.6 

13.6 

12.9 

12.1 

10.9 

78.80 

71.2 

65.2 

60.2 

55.9 

52.2 

48.9 

46.0 

43.5 

39.1 

0.00 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.00 

9.1 

16.7 

23.1 

28.6 

83.8 

87.5 

41.1 

44.4 

50.0 

1122 

1106 

1120 

1134 

1152 

1156 

1176 

1180 

1184 

1186 


Slag No. 12 

22.0 

74.0 

4.0 

0.0 

1174 
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COMFOSmOH OF SlAOS 


Par Cent 

HOi 

Per Cent 

FeO 

Per Cent 

CaO 

Per Cent 

ZnO 

Formation 
Temperature, 
Degrees C. 


Slag No . 13- HlR 0.2 Si 0 s 

22.20 

60.80 

8.00 

0.0 

1080 

22.1 

60.5 

7.0 

1.4 

1085 

22.0 

60.2 

5.0 

2.0 

1105 

22.0 

68.0 

4.0 

4.2 

1110 

21.8 

68.6 

3.0 

6.7 

1116 

21.7 

68.8 

2.0 

7.1 

1120 

21.6 

68.0 

1.0 

8.5 

1120 

21.6 

67.7 

0.0 

0.8 

1115 

21.5 

67.4 

0.0 

11.1 

1107 

22.0 

60.4 

7.0 

0.7 

1065 

21.7 

51.2 

7.8 

10.3 

1060 

21.5 

42.8 

7.7 

28.5 

1080 

21.8 

83.4 

7.7 

37.6 

1105 

21.0 

24.8 

7.6 

46.6 

1137 

20.8 

16.4 

7.6 

55.3 

1184 

20.6 

8.2 

7.4 

63.8 

1240 

20.4 1 

0.0 

7.4 

72.2 1 

1426 

18.6 

67.0 

7.7 

6.7 

1075 

15.2 

63.8 

7.3 

13.7 

1167 

12.1 

61.2 

7.1 

10.6 

1100 

0.4 

68.7 

6.7 

25.2 

1205 

6.6 

56.6 

6.5 

30.3 

1230 

4.8 

54.4 

6.3 

35.0 

1255 

2.1 

52.5 

6.0 

30.4 

1265 

0.0 

50.8 

5.8 

43.4 

1260 

Slag No. 13--6 R 0.2 Si 0* 

20.2 

63.4 

7.3 

9.1 

1115 

18.5 

58.2 

6.6 

16.7 

1152 

17.1 

53.6 

6.2 

23.1 

1170 

15.0 

40.8 

6.7 

28.6 

1182 

14.8 

46.6 

6.3 

33.3 

1180 

13.0 

43.6 

5.0 

37.6 

1169 

13.1 

41.1 

4.7 

41.1 

1140 

12.4 

38.8 

4.4 

44.4 

1130 

11.1 

84.0 

4.0 

60.0 

1153 


Slag No. 14— 6R0.2Si0i 


22.40 

65.61 

12.00 

0.000 

1092 

22.4 

65.1 

10.4 

2.1 

1080 

22.2 

64.7 

8.9 

4.2 

1087 

22.0 

64.4 

7.3 

6.3 

1087 

21.5 

63.9 

5.8 

8.4 

1090 

21.8 

63.4 

4.3 

10.6 

1098 

21.7 

63.0 

2.9 

12.4 

1110 

21.6 

62.7 

1.4 

14.4 

1125 

21.4 

62.3 

0.0 

16.3 

1143 

22.8 

66.7 

11.9 

9.1 

1070 

22.1 

48.1 

11.8 

18.0 

1080 

21.8 

39.7 

11.7 

26.8 

1094 

21.6 

81.5 

11.5 

35.4 

1107 

21.4 

23.4 

11.4 

43.8 

1120 

21.2 

15.5 

11.8 

52.0 

1126 

21.0 

7.7 

11.2 

60.1 

1167 

20.8 

0.0 

11.1 

68.1 

1500 

18.8 

62.5 

11.6 

7.2 

1100 

15.3 

50.9 

11.0 

13.8 

1168 

12.8 ' 

57.4 

10.6 

19.8 

1186 

19.5 

55.0 

10.1 

25.4 

1195 

6.8 

53.0 

9.7 

30.6 

1200 

4.4 

51.0 

9.3 

35.3 

1200 

2.1 

49.2 

9.0 

39.7 

1208 

0.0 

47.5 

8.7 

43.8 

1205 
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CJoMPOsrnoN of Slags 


Per Cent. 

SiOs 

Per Cent. 

FeO 

Per Cent. 

CaO 

Per Cent. 

ZnO 

Formation 
Temperature, 
Degrees C. 

Slag No. 14— 6R0.2Si0* 

20.5 

59.5 

10.9 

9.1 

1112 

18.7 

53.6 

10.0 

16.7 

1120 

17.3 

50.4 

9.2 

23.1 

1112 

16.1 

46.7 

8.6 

28.6 

1110 

15.0 

43.7 

8.0 

33.8 

1186 

14.1 

40.9 

7.5 

37.5 

1147 

13.2 

38.6 

7.1 

41.1 

1147 

12.5 

36.4 

6.7 

44.4 

1150 

11.3 

32.7 

6.0 

50.0 

1158 


Slag No. 15 


22.7 

61.3 

16.0 

0.0 

1060 

Slag No. 16— 4R0.2Si0f 

29.2 

70.8 


0.0 

1179 

26.6 

64.3 


9.1 

1151 

24.3 

59.0 


16.7 

1144 

22.5 

54.4 


23.1 

1142 

20.8 

50.6 


28.6 

1147 

19.5 

47.2 


33.3 

1149 

18.2 

44.3 


37.5 

1160 

17.2 

41.6 


41.2 

1170 

16.2 

39.4 


44.4 

1192 

14.6 

1 

35.4 


50.0 

1168 


Slag No. 17 


29.7 

66.3 

4.0 

0.0 

1140 

29.7 

66.3 

3.3 

0.7 

1110 

29.7 

66.2 

2.8 

1.3 

1105 

29.6 

66.0 

2.4 

2.0 

1100 

29.6 

66.0 

1.8 

2.6 

1110 

29.5 

65.7 

1.4 

3.4 

1108 

29.4 

65.6 

1.0 

4.0 

1108 

29.4 

65.6 

0.5 

4.5 

1116 

29.2 

64.6 

0.0 

5.4 

1122 

29.5 

57.5 

3.9 

9.1 

1035 

29.3 

48.7 

3.9 

18.1 

1035 

28.9 

40.2 

3.9 

27.0 

1075 

28.7 

31.9 

3.9 

35.5 

1085 

28.5 

23.7 

3.8 

44.0 

1108 

28.1 

15.7 

3.8 

52.4 

1147 

27.9 

7.7 

3.7 

60.7 

1500 

27.7 

0.0 

3.7 

68.6 

1500 

24.4 

62.4 

8.8 

9.4 

1060 

19.9. 

58.9 

3.5 

17.7 

1045 

15.6 

55.8 

3.4 

25.2 

1052 

12.0 

52.8 

3.2 

32.0 

1119 

8.6 

50.3 

3.1 

38.0 

1147 

5.3 

48.4 

2.9 

43.4 

1162 

2.6 

46.1 

2.8 

48.5 

1184 

0.0 

44.2 

2.7 

53.1 

1199 


Slag No. 17 


27.1 

60.2 

25.9 

57.6 

24.8 

55.2 

23.8 

53.0 

22.9 

51.0 

22.1 

49.9 

21.3 

47.4 

19.7 

44.3 

18.5 

41.5 

16.6 

36.8 

14.9 

32.1 


8.6 

3.5 
3.3 
3.2 

3.1 

3.0 
2.8 
2.7 

2.5 

2.2 

2.0 



1085 

1080 

1080 

1070 

1059 

1120 

1120 

1126 

1120 

1100 

1118 
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Composition of Slags 


P4r Cent. 

Per Cent. 

Per Cent. 

Per Cent. 

Formation 

SiOi 

FeO 

CsO 

ZnO 

Temperature, 
Degrees C. 


Slag No. 1ft— 4R0.2Si0* 


30.1 

61.9 

8.0 

0.0 

1060 

30.0 

61.7 

7.0 

1.3 

1050 

30.0 

61.4 

6.0 

2.6 

1050 

30.0 

61.0 

4.9 

4.1 

1040 

29.9 

60.9 

3.9 

5.3 

1060 

29.7 

60.5 

2.8 

7.0 

1070 

29.3 

60.3 

1.9 

8.4 

1070 

29.2 

60.0 

1.0 

9.8 

1080 

29.2 

59.6 

0.0 

11.2 

1080 

29.7 

63.7 

7.9 

8 7 

1040 

29.6 

45.5 

7.9 

17.1 

1010 

29.2 

37.6 

7.8 

25.5 

1050 

28.9 

29.9 

7.7 

33.5 

1080 

28.6 

20.2 

7.6 

41.6 

1115 

28.4 

14.6 

7.5 

49 5 

1163 

28.1 

7.3 

7.4 

57.2 

1184 

27.9 

0.0 

7.4 

64.7 

1540 

24.8 

58.2 

7.5 

9.5 

1030 

20.0 

54.7 

7.1 

18.2 

1070 

15.8 

51.8 

6 7 

25.7 

1090 

12.0 

49.3 

6.4 

32 3 

1131 

8.5 

46.9 

6.1 

38 5 

1163 

5.5 

44.7 

5.8 

44.0 

1163 

2.6 

42.8 

5.5 

49.1 

1163 

0.0 

40.9 

5.3 

53.8 

1184 


Slag No. 18-4R0.2Si0j 


27.4 

56.2 

7.3 

9.1 

1040 

26.2 

53.8 

7,0 

13.0 

1035 

25.1 

51.5 

6.7 

16.7 

1045 

23.1 

47.5 

6.3 

23.1 

1100 

21.5 

44.2 

5.7 

28.6 

1131 

20.1 

41.3 

5.3 

33.3 

1 1131 

18.0 

38.7 

5.0 i 

37.5 


16.6 

34.3 

4.4 

44.5 


15.1 

30.9 

4.0 

50.0 



Slag No. 19— 4R0.2Si0, 


30.4 

30.2 

30.0 

29.9 
29.6 

29.4 

29.3 

29.1 

28.9 

30.1 

29.9 

29.6 

29.2 

29.0 
28.8 

28.6 

28.3 

26.0 

20.3 

16.9 

12.0 

8.6 

6.6 

2.6 

0.0 


57.6 

12.0 

0.0 

57.2 

10.4 

2.2 

56.9 

8.9 

4.2 

56.6 

7.3 

6.2 

56.1 

5.8 

8.5 

55.3 

4.3 

10.5 

55.4 

2.9 

12.4 

55.1 

1.4 

14.4 

54.7 

0 0 

16.4 

49.9 

11.9 

8.1 

42.4 

11.8 

15 9 

35.0 

11.7 

23.7 

27.7 

11.6 

31.5 

20.7 

11.4 

38.9 

13.6 

11.4 

46.2 

6.7 

11.3 

53.5 

0.0 

11.2 

60.5 

54.1 

11.3 

9.6 

51.0 

10.6 

18.1 

48.4 

10.0 

25.7 

44.9 

9.5 

32.6 

43.7 

9.1 

38.6 

41.6 

8.7 

44.6 

39.7 

8.3 

49.4 

38.0 

8.0 

54.0 


1070 

1045 

1035 

1040 

1070 

1080 

1095 

1100 

1110 

1035 

1035 

1060 

1090 

1106 

1131 

1163 

1540 

1035 

1080 

1160 

1174 

1205 

1210 

1205 

1184 
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COMPOSmOK OF Slaqb 


Per Cent. 

SiOa 

Per Cent. 

FeO 

Per Cent. 

CaO 

Per Cent. 

ZttO 

Formatton 
Temperature, 
Degrees C. 

Slag No. 19— 4R0.2Si0i 

29.0 

54.9 

11.4 

1 

4.7 

1040 

27. S 

52.2 

10.9 

9.1 

1055 

26.5 

50.0 

10.5 

13.0 

1062 

25.3 

48.0 

10.0 

16.7 

1055 

24.8 

46.1 

9.6 

20.0 

1067 

^.4 

44.3 

9.2 

23.1 1 

1055 

21.6 

41.8 

8.6 

28.5 

1081 

19.0 

36.0 

7.5 

37.5 

1085 


Slag No. 20— 3R0.28i0» 


30.8 

53.2 

16.0 

0.0 

1082 

30.5 

52.7 

13.8 

3.0 

1070 

30.2 

52.3 

11.8 

6.7 

1060 

30.0 

61.8 

9.7 

8.6 

1080 

29.7 

51.4 

7.7 

11.2 

1087 

29.5 

51.0 

6.7 

13.8 

1095 

29.3 

60.4 

3.8 

16.5 

1097 

29.0 

50.0 

2.0 

19.0 

1097 

28.8 

49.6 

0.0 

21.6 

1107 

30.6 

46.2 

15.8 

7.4 

1075 

30.1 

38.6 

15.6 

14.7 

1060 

80.0 

32.5 

15.5 

22.0 

1075 

29.8 

25.8 

15.4 

20.0 

1080 

29.6 

10.2 

15.4 

35.8 

1100 

29.2 

12.8 

15.2 

42.8 

1120 

29.0 

6.3 

15.1 

49.6 

1174 

28.8 

0.0 

16.0 

56.2 

1560 

25.3 

49.0 

15.0 

9.8 

1080 

20.4 

47.1 

14.2 

18.8 

1136 

16.0 

44.6 

13.4 

26.0 

1147 

12,1 

42.3 

12.7 

82.9 

1163 

8.7 

40.2 

12.1 

39.0 

1180 

5.6 

38.3 

11.6 

44.6 

1210 

2.7 

36.6 

11.0 

49.7 

1215 

0.0 

35.2 

10.6 

54.2 

1195 


Slag No. 20 — 3R0.2Si0s 


28.0 

48.4 

14.6 

9.1 

1075 

26.8 

46.3 

13.9 

13.0 

1060 

25.7 

44.3 

13.3 

16.7 

1060 

23.7 

40.9 

12.3 

23.1 

1070 

22.0 

38.0 

11.6 

28.5 

1076 

20.5 

35.5 

10.7 

33.3 

1095 

19.2 

33.3 

10.0 

37.5 

1080 

18.1 

31.8 

9.4 

41.2 

1085 

17.2 

29.6 

8.9 

44.4 

1100 

15.4 

26.6 

8.0 

50.0 

1100 

Slag No. 21— 3R0.2Si0t 

85.70 

64.80 

0.00 

0.00 

HEm 

32.5 

58.4 

0.00 

9.1 


29.7 

53.6 

0.00 

16.7 

1120 

27.4 

49.5 

0.00 

23.1 

1140 

26.4 

46.0 

0.00 

28.6 

1163 

28.8 

42.9 

0.00 

83.3 

1193 

22.3 

40.2 

0.00 

37.6 

1215 

21.0 

87.8 

0.00 

41.2 

1215 

19.8 

85.8 

0.00 

44.4 

1215 

17.8 

32.2 

0.00 

60.0 

1215 

Slag Number 22 

86.0 

60.0 

4.0 

0.0 

1095 
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Composition of Slags 


Por Cent 

Far Cent. 

For Cent. 

Per Cent. 

Formation 

SiOt 

FeO 

CaO 

ZnO 

Temperature* 
Degrees C. 


Slac No. 23-~3R0.2Si0t 


36.40 

65.60 


0.00 

1085 

86. 8 

66.4 

6.9 

1.4 

1095 

36.1 

55.2 

5.9 

2.8 


86.0 

64.9 

6.0 

4.1 


36.7 

54.6 

4.0 

6.7 

1086 

36.6 

64.6 

2.9 

7.0 

1090 

85.6 

54.2 

1.9 

8.4 

1106 

86.8 


1.0 

9.7 

1116 

36.2 

53.6 


11.2 

1125 

86.1 

48.2 

7.9 

7.8 

1065 

36.8 

40.8 

7.9 

16.5 

1067 

86.4 

83.9 

7.7 

23.0 

1095 


26.9 

7.7 

30.4 

1139 

34.8 

19.9 

7.6 

37.7 

1160 

34.6 

13.2 

7.6 

44.7 

1195 

84.1 

6.6 

7.6 

68.1 

1600 

33.9 

0.0 

7.4 

68.7 

1500 

29.7 

61.6 

7.4 

11.3 

1057 

23.7 

48.2 

6.9 

21.2 

1063 

18.6 

46.2 

6.6 

29.8 

1086 

13.0 

42.5 

6.1 

37.5 

1139 

9.9 

40.2 

6.8 

44.1 

1200 

6.1 

38.2 

6.6 

60.2 

1221 

3.0 

86.2 

1 6.2 

66.6 

1230 

0.0 

34.5 

5.0 

60.5 

1221 


Slag No. 23~3R0.28i0» 


33.1 

56.6 

7.3 

9.1 

1063 

30.3 

46.3 

6.7 

16.7 

1063 

28.0 

42.7 

6.2 

23.1 

1075 

26.0 

39.8 

5.7 

28.5 

1085 

24.3 

37.1 

5.3 

33.3 

1120 

22.7 

34.8 

6.0 

87.5 

1145 

21.4 

33.7 

4.7 

41.2 

1140 

20.2 

30.9 

4.6 

44.4 

1141 

18.2 

27.8 

4.0 

50.0 

1152 


Slag No. 24— 3R0.2Si0» 



61.2 

12.0 

0.0 

1080 

36.6 

60.8 

10.4 

2.1 

1070 

36.3 

60.5 

8.9 

4.3 

1067 

36.1 

60.2 

7.4 

6.3 

1065 

36.9 

49.9 

6.8 

8.4 

1065 

35.6 

49.6 

4.4 

10.4 

1078 

35.4 

49.3 

2.9 

12.4 

1095 

35.2 

49.0 

1.4 

14.4 

1100 

35.0 

48.7 

0.0 

16.3 

1100 

36.5 

44.6 

11.9 

7.1 

1055 

36.2 

37.8 

11.8 

14.2 

1045 

35.9 

31.3 

11.7 

21.1 

1060 

35.7 

24.8 

11.6 

27.9 

1085 

36.4 

18.6 

11.5 

34.6 

1110 

35.1 

12.3 

11.4 

41.2 

1144 

34.8 

6.1 I 

11.4 

47.7 

1220 

34.6 

0.0 ' 

11.8 

54.1 

1600 

29.9 

47.6 1 

11.1 

11.6 

1045 

23.9 

44.3 

10.4 

21.4 

1055 

18,7 

41.6 

9.7 

30.1 

1045 

14.0 

89.1 1 

9.2 

37.7 

1043 

10.0 

86.9 

8.6 

44.6 

1080 

6.3 

84.9 1 

8.2 

60.6 

1123 

8.0 

33.1 

7.7 

56.2 

1196 

0.0 

81.6 1 

7.4 

61.0 

1247 


Slag No. 24— 3R0.2Si0t 


33.6 

46.6 

10.0 

9.1 

1070 

80.7 

42.6 

10.0 

16.7 

1076 

28.3 

89.4 

9.2 

23.1 

1090 

26.3 

36.6 

8.6 

28.5 

1104 

24.6 

34.1 

8.0 

33.3 

1118 

28.0 

82.0 

7.6 

37.6 

1128 

21.6 

80.1 

7.1 

41.2 

1138 

20.4 

28.6 

6.7 

44.4 

1138 

18.4 

26.6 

6.0 

50.0 

1149 


Slag No. 26 

87.8 46.7 0.0 IQ^ 
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DISCUSSION 

G. E. Dalbet, East Berlin, Conn— I had occasion to run a small 
circular blast furnace on brass ashes containing considerable metallic 
zinc. Much of this zinc was volatilized and the balance of it went in 
the slag. The slag would run about 41 per cent. FeO. The zinc oxide 
ran from 24 to 31 per cent., roughly, and the lime around 11 to 15 
per cent. 

I noticed that as long as we kept the furnace crowded and working 
fast we had no great difficulty, but if we hung up for a short time we could 
not get going again. Apparently the slag did not have a sharp freezing 
point. It ran smoothly for a time, then suddenly you would see coming 
out of a tap hole something like a mush of crystals floating in the liquid 
portion of the slag. What those crystals were, I do not know. I attrib- 
ute this mush to a compound of zinc. The slag reminded me of a wiping 
solder, 40 per cent. Sn, 60 per cent. Pb, solidifying. 

H. D. Hibbard, Plainfield, N. J. — Some of these slags here are marked 
as having no silica. I am curious to know how a product of the earth 
can be without silica. In a slag like this does the iron act as an acid? 

H. T. Mann. — I cannot say exactly. You might form a zincate or 
possibly a ferrite, but which it was I do not know. 

C. R. Hayward, Cambridge, Mass. — I believe the figures on Fe and 
FeO that were questioned in the table have been confirmed. Perhaps 
that should be made a part of the record. 

E. P. MatHvEWSOn, New York, N. Y. — I have only had occasion to 
note the very high zinc slags of the Burma Corporation. These are 
referred to in No. 7 and No. 8. They were very hot and ran nicely 
through the furnace. There was seldom any trouble with sudden 
freeze-up. 

Years ago in Colorado we had experience with zincky slags, using a 
variety of ores. We had great trouble unless the iron was quite high 
in the slag. We ran successfully slags containing up to 12 per cent. Zn, 
even with considerable magnesia in the ores. 

The lead in the Burma slags was a little high, but the zinc was very 
high, often as high as 26 to 28 per cent. I think they could have made 
the slags cleaner in lead if they had left sufficient sulfur to form a matte. 

The secret of success in running high-zinc slags is to have no sulfur in 
the charge. If sulfide of zinc is present you will have a pasty slag. 
In fact, I remember that years ago in Colorado we would some- 
times get crystals of sphalerite in the slags. Zinc sulfide would go 
through unaltered. 

G. S. WiTHERELL, New York, N. Y. (written discussion). — I wish 
to put before you some theoretical matter pertaining to impurities in 
general and zinc in particular, found in the lead and copper blast 
furnace slags. 
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In the past metallurgists have been in the habit of classifying all 
slag ingredients^ other than silica, iron and lime, as equivalents of these 
three fundamental constituents. This principle may logically be roughly 
applied to such substances as magnesia for lime or manganese for iron; 
but in many, probably most, cases the substance under consideration 
cannot logically be considered a substitute for silica, iron or lime. Into 
this latter category I would place zinc and alumina. 

I maintain that it is a more rational view to consider the extra- 
fundamental ingredients of the slag to be in the form of compounds 
dissolved by a primary slag made up of the fundamental ingredients, 
silica, iron and lime. This can be compared to the dissolving of scorified 
impurities in borax as commonly practiced in fire assaying. Based upon 
this line of reasoning one should first determine in what combination the 
extra-fundamental ingredient appears and then select a proper primary 
or solvent-slag for carrying it. 

Several years ago it was thought that ferruginous slags were the 
best for carrying zinc ; recent practice has shown that other slags also 
high in zinc can be used to advantage. Nevertheless, slags high in iron 
are good solvents of zinc; which leads me to believe that in such slags 
the zinc is combined with iron. 

There are two zinc-iron compounds that may be considered, namely 
zinc-ferrate (or ferrite) Zn 0 .Fe 203 and zincate of iron FeO.ZnO. Since 
the iron in slags is practically always found in the ferrous state, the zincate 
of iron appears to be the more probable compound. Upon this assump- 
tion 1 present the following calculations: 

Assume that the slag is fairly free of other ingredients and therefore 
the ZnO, Si02, FeO and CaO total, say 90 per cent. 

For the compound FeO.ZnO the following ratios obtain: wt.Zn to 
wt.ZnO equals 1:1.245, wt.ZnO to wt.FeO equals 1:0.883, wt.ZnO to 
wt.FeO.ZnO equals 1 : 1.883. Hence in the slag produced the amount of 
solvent-slag equals 90 per cent, minus 1.883 X per cent. ZnO. Let us 
select for solvent-slag the composition 38 per cent. Si02, 42 per cent. 
FeO, 20 per cent. CaO, and take for example a furnace slag containing 
20 per cent. ZnO. Then the following can be calculated as shown: 


Per cent, zincate, 20 X 1.883 = 

Per cent, solvent-slag 90-37.66 = 

Per cent. FeO in solvent, 52.34 X 0.42 = 

Per cent. FeO in zincate, 20 X 0.883 = 

’T’rt+.ol ruar 

37.66 

52.34 

21.98 

17.66 

39.64 

Per cent. SiOj, 62.34 X 0.38 

19.89 

Per cent. CaO, 52.34 X 0.20 

Ppr pent. ZnO 

10.47 

20.00 


90.00 
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By using the foregoing assumptions and method of calculation the 


following table was compiled: 


ZnO. 

Per Cent. 

SiOt. 

Per Cent. 

FeO, 

Per Cent. 

C«0, 

Per Cent. 

0 

34.20 

37.80 

18.00 

5 

30.62 

38.26 

16.12 

10 

27.05 

38.72 

14.23 

15 

23.47 

39.18 1 

12.36 

20 

19.89 

39.64 

10.47 

26 

16.31 

40.10 ’ 

8.69 

30 

12.73 

40.57 

6.70 

35 

9.16 

41.02 

4.82 

40 

1 

5.58 

i 

41.48 i 

2.94 


It will be noted that in the iron zincate hypothesis when the iron 
assumed to be combined with the zinc is deducted the remaining slag 
need not be highly ferruginous. 

I do not claim that a compound of zinc and iron is the only zinc 
compound that can form in a slag; recent practice indicates strongly 
to the contrary. Whatever the compound formed if it of itself does not 
constitute a workable slag, it must be dissolved in a solvent-slag to 
run it out of the furnace; on this basis should the slag composition be 
determined. 

C. R. Hayward, Cambridge, Mass, (written discussion). — The 
discussion presented by Mr. Witherell is of considerable interest and his 
reasoning is entirely logical. The same theory was suggested several 
years ago by J. E. Johnson, Jr., in connection with iron blast-furnace 
slags. ^ He pointed out that several slags with widely varying alumina 
content had the same ratio of lime to silica which tended to show that 
the alumina was dissolved in the calcium silicate. 

A. L. Walker, New York, N. Y.— In almost all the slags I have 
noticed having a high-zinc content, the lead content was also high. Was 
the effect of zinc on the lead content in the slag considered in this paper? 

C. R. Hayward. — This paper was presented wholly on a thoretical 
basis, taking chemically prepared materials. No attempt was made to 
add lead to it. It was felt that the scope of the paper should be kept 
wholly within the theoretical range, leaving the matter of lead content, 
etc., to future work. 

A. L. Walker. I did not mean to state that a 3 per cent, slag was 
not the best slag that could be produced ; as has been said, a metallurgist 
must also be a financier. My experience in the Southwest 40 years ago 
where we made a vast amount of slag containing 2 to 3 per cent, of copper, 
illustrates the point. It was the mo st profitable slag we could produce. 

“Trans. (1912), XLIV, 123. 


NiOOVEBIr OF OOPPEB BT LEACmNO, OHIO COPPBB CO. OF UTAH 31 


Recovery of Copper by Leaching, Ohio Copper 
Co. of Utah 

By Ahvid E. Anderson and Frank JL Cameron, Binoham, Utah 

(Salt Lake City Meeting, September, 1025) 

The weathering of copper-bearing ores with the formation of a water- 
soluble salt and the recovery of the metal by leaching and evaporation or 
precipitation, are processes long known, which have at various times been 
utilized with more or less commercial success. It is commonly assumed 
that the technical principles involved are quite simple and their applica- 
tion to a particular case easy. If these assumptions were true, we should 
anticipate a long list of uniformly successful leaching operations, which 
is not the case, and one would be justified only in calling attention to 
either unique or peculiar features of any particular enterprise; whereas, 
in studying the problems of the recovery of copper from the old workings 
of the Ohio Copper Co. in the light of available descriptions of other 
leaching projects, we have not found the assistance hoped for to guide 
us to the best realization of our own opportunities. It appears desir- 
able, therefore, to call attention to these guiding principles, together with 
a description of the facts of accomplishment. 

Justification lies in the fact that the leaching and precipitation of 
copper at the Ohio Copper Co. mine in Bingham Canyon, Utah, is 
successful. This success is measured by an average monthly production 
of 600,000 lb. of copper at an average operating cost, to date, of 3.85 cents 
per pound at the company’s workings, or 6.32 cents per pound after 
paying shipping and smelter charges on the finished copper. A total of 
17,076,099 lb. of copper had been shipped to the smelter from the 
beginning of operations, August, 1922, to April 1, 1925. Probably these 
results can be bettered with further study and realization of the factors 
involved and the devising of methods of meeting them. It is now an 
assured fact that the enterprise will have a relatively long and con- 
tinuously profitable life and that its reserves will not, nor cannot, be 
suddenly and permanently depleted. 

It is particularly noteworthy that the financing of this enterprise 
has been entirely from its earnings. The few hundred dollars necessary 
for the first experiments and production were obtained by the sale of 
used, and no longer needed, equipment from a mill belonging to the 
company; and all funds since required throughout the growth and devel- 
opment of the enterprise, from a few trouts with a production of 2000 
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or 3000 lb. per month to the present output, have come from receipts 
in hand. 

It will be pertinent to quote here from a report of the General Manager 
to the Board of Directors, covering operations for the fiscal year 1924, 
as follows: 


The total number of gallons of water treated in this period was 672,408,000, 
which is equivalent to 2,801,700 tons. The average copper content was 4.0302 lb. 
to the ton of water; and the total copper content, therefore, was 11,639,345 lb. The 
recovery, based on the daily estimates of the plant, was 11,290,165 lb. which repre- 
sents 97 per cent, of the copper contained in the heads. In the tailing water was, 
therefore, 349,180 lb., and of this amount, we recovered, in the outside plant, 206,365 
lb. making a total recovery in pounds of copper of 11,496,530 lb. and the amount lost 
in the tails was 132,815 lb. These two recoveries, both from the inside and the 
outside plant, show a recovery of 98.77 per cent, of the copper contained in the heads. 

During the same period, our shipments to the smelter consisted of 18,127,200 lb. 
The average moisture content was 28.67 per cent., which made a deduction of 5,208,- 
088 lb., leaving the dry weight 12,919,132 lb. The average copper content was 88.99 
per cent, and the gross copper shipped to the smelter was 11,496,530 lb. The copper 
deduction made by the smelter was 381,201 lb., leaving the net pounds paid for by the 
smelter, 11,115,329. 

The average price paid by the smelter was 12,876 cents per pound and the amount 
realized therefrom was $1,431,217.26. The total cost per pound, including smelter 
charges, was 5.815 cents per pound; the operating profit for the period, per pound, was 
7.061 cents; and the total operating profit therefrom, for the year, is $784,759.56. 

. The total number of pounds of copper extracted from Jan. 1, 1923, to and including 
Dec. 31, 1924, is 15,546,873; and the total operating profit for this same period 
is $1,048,840.43. 


History of Operations 

In August, 1922, pumping was started, distributing 250 gal. per min. 
of water from Bingham Canyon Creek upon the surface of a large fill of 
broken rock overlying a portion of the caved zone. The solution reach- 
ing the Mascotte tunnel contained 0.45 per cent, copper, demonstrating 
that recovery of the copper values would be commercially feasible; the 
following January, the pumping capacity was increased to 400 gal. per 
min. At that time, the copper was precipitated in a row of boxes, using 
^'country scrap*' or whatever iron was available locally. These facili- 
ties were inadequate and insufficient, but results were soon sufficient, 
financially, to permit of a widening of the Mascotte tunnel and the 
installation therein of two rows of launders of improved design, one on 
each side of the haulage track; a larger and more efficient precipitation 
was promptly realized with improved profits. In the spring of 1923, 
with the installation of a larger pump, the water was increased to 600 gal. 
per min. In November, 1923, water from the Bingham Mines became 
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available, which, with a reuse of a portion of the tailing solution, gives a 
supply of 1200-1400 gal. per min. at the surface, delivered by a relay 
system of pumps. 

The leachings reach the Mascotte tunnel through some one or other 
of the old ore chutes, depending on where it is applied at the surface, 
and is laundered to the precipitation boxes. In the earlier operations, 
leakage losses were serious; these losses were stopped by guniting the 
precipitation launders. 

Production in January, 1923, was 120,000 lb.; in October of that year 
it had reached 351,801 lb., the recovery having increased from 41.9 to 
99.2 per cent. For 1924, the production was 11,496,530 lb. of copper, 
a recovery of 97.3 per cent., and the copper content of the product shipi>ed 
from Lark averaging 88.99 per cent. 

Early in the operations, it was recognized that the country scrap 
was an inefficient precipitant. Since June, 1923, a detinned scrap iron 
prepared by the Metal & Thermit Corpn. in California has been used; 
this has proved highly efficient, more than justifying the greater 
initial cost. 


The Orebody 

The orebody of the Ohio Copper Co. has recently been described in 
detail in publications of Varley, Oldright, and Wormser.^ The veins, 
on which mining operations originally depended were more or less 
completely worked out and the original stopes and intermediate regions 
broken down, so that the property now consists of a caved area,'^ or 
more properly, a zone of broken rock surrounded on the sides, bottom, 
and much of the top by consolidated or mainly unbroken rock. The 
caved zone may be roughly described as a truncated cone, distorted, 
inverted, and standing at an angle of about 40° from the vertical. It is 
thought to be quite completely and uniformly filled with broken material 
of approximately 4 in. diameter on the average. The upper transverse 
dimensions of the cone are approximately 1400 by 600 ft. The axis of 
the cone is approximately 1200 ft. and the zone is estimated to contain 
38,000,000 tons of rock. The truncation of the cone at the bottom has 
about one-fourth the area of the top, is horizontal, and from it chutes 
lead to the Mascotte tunnel, about 700 ft. lower. All this material 
carries copper, both in the caved zone and the surrounding consolidated 
rock. A vast number of assay figures on the old maps of the company 
give 0.88 per cent, as the average; but an inspection of these assay maps 
suggests a higher figure as more probable. The assay of the heads at the 

^ Address by Varley and Oldright, Bureau of Mines, before Utah Metal Mining 
Institute, Salt Lake City, May 5, 1923; Oldright, Mining and Metallurgy (1923), 4 , 
Pages 1-4; Wormser, Eng. & Min. JrU.-Pr. (Oct. 20, 1923) and (July 26, 1924). 

VOL. LZXIII. — 3 . 



34 BEOOVBBT or COPFBB Vt LBACHINO, OHIO OOPPBB CO. OF UTAH 


mill formeriy operated by the company averaged 0.88 per cent., hence 
this figure is r^;arded as the most reliable. 

The rock itself is a porous quartzite, or sometimes a monazite, easily 
crushed or shattered, with sulfides of copper or copper and iron irregu- 
larly disseminated, sometimes in streaks or stringers, more often in small 
particles, always with more or less evidence of copper sulfate on surfaces 
and frequently malachite and azurite. 

The original mineral, which alone concerns us, is chalcocite Cu*S, as 
it has been shown by Zies, Allen and Merwin^ that, at temperatures 
below 200° C., the reactions between the various sulfides of copper, iron, 
zinc and lead with copper sulfate 3 deld chalcocite as the final stable 
phase persisting. These facts may be summarized conveniently, 
as follows: 

Pyrite (FeSj) — ►covellite (CuS) —> chalcocite 

Pyrohotite (FeTSg) — >chalcopyrite (CuFeS,) and bomite (CujFeSi) 

Bomite (CujFeSO — >chalcocite (CuiS) 

Chalcopyrite (CuFeSj) —* covellite (CuS) —» chalcocite (CU 2 S) 

Sphalerite (ZnS) covellite (CuS) -♦chalcocite (CuiS) 

Galena (PbS) —♦covellite (CuS) —♦chalcocite (CujS) 

Covellite (CuS) -♦chalcocite (CuiS) 

It is possible that at some particular time or spot one or more of these 
other minerals might be present as well as chalcocite, but sooner or later 
they will disappear with the formation of the last. It is also possible 
that gold, silver, arsenic, antimony, lead, zinc, nickel, cobalt, bismuth, 
etc., might be present.* We are without confirming evidence as to these, 
at least in significant amounts, and the only solutes appearing in leachings 
of this ore are copper, iron, magnesium, calcium, sodium, aluminum (as 
AljOs), silicon (as Si02), sulfur (as sulfuric acid). 

Chalcocite, Cu*S, is quite readily attacked by oxygen at ordinary 
temperatures in the presence of water, and whatever reactions may 
intervene, the result may be summarized in the equation : 

Cu,S + 50 + H 20 -»CuS 04 + Cu (OH), 

The reaction is markedly exothermic, hence will proceed with rising tem- 
perature and increasing acceleration, provided it is not retarded 
or checked by: ( 1 ) Cooling, ( 2 ) exhaustion of the supply of oxygen or 
water, (3) accumulation of too high a concentration in the resulting 
solution of the soluble reaction product, CUSO 4 ; (4) mechanical interrup- 
tion by formation of a protecting film of the insoluble hydrate. 


• Earn. Qeol, (1906), 11, 407; see summary by Clark, The Data of Geochemistry, 
U. S. Geol. Sur. (1924) BvU. No. 770, 673, 676. 

• See Analysis of Finished Copper, by Wormser, loc oil.; an analysis of the waste 
liquor from the portal of the tunnel at Lark is in the records of the University of Utah, 
showing the presence of these same constituents. 
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Each of these factors is of primary importance and must be ^ven full 
consideration in determining that procedure in applying water and air to 
the orebody, which, in the summation of their effects, will make this 
summation a minimum. They will be discussed in detail later, but are 
cited here to emphasize the importance of the characteristics of the rock 
material forming the orebody. 

It has been pointed out by Oldright that the quartzite and the quartz- 
ite-monazite host, carrying the disseminated sulfides of copper or 
mixed sulfides of copper and iron in this deposit, are rather readily 
permeable to water. Not only is this true of cleavage cracks and parting 
planes, but, to a marked degree, throughout the consolidated rock mass. 
This is readily proved by soaking a weighed piece of the rock in water. 
When taken from the water, after the surface is wiped dry, it will be found 
to have markedly increased in weight (different pieces, however, natur- 
ally showing wide variations in the percentage of absorption) and, on 
drying, there will practically always be more or less of a deposit of copper 
sulfate on the surface. This procedure can be repeated many times 
with the same piece of rock, each time bringing copper sulfate to 
the surface. 

The marked absorbent character of this rock material makes it appar- 
ent that we are concerned here not only with the copper appearing in 
appreciable cracks and crevices or surface coatings, but with the entire 
mass of disseminated copper minerals. The water absorbed so readily 
must be mainly in very thin layers, or films; whether in layers of molecular 
dimensions, as held by some authorities, or thicker, need not now concern 
us. It is of the utmost importance, however, to remember water has a 
selective power of absorption for gases and will absorb from air relatively 
much more oxygen than nitrogen. More important yet, in thin layers or 
adsorption films, the water appears to be, or actually is, under great pres- 
sures so that it absorbs many more times the oxygen than it would in 
ordinary circumstances; that is, today there is a great increase in the solu- 
bility of oxygen in film water. We do not suggest that the film water inside 
a wetted rock mass is saturated with oxygen; probably the mass is far from 
saturation, but it is very probable that if the individual rock masses are 
bathed with film water, instead of large masses, a much larger amount of 
oxygen will be carried into the rock masses than would otherwise be the case, 
and under the most favorable conditions possible fora continued oxidation 
of the contained minerals. In other words, a rationally controlled leach- 
ing operation in an orebody, such as that of the Ohio Copper Co., will con- 
tinue to form as well as remove copper sulfate. Two practical consequences 
are apparent. The life of the enterprise is not determined by the amount 
of “soluble” copper present at any particular time, and it is not physi- 
cally possible suddenly and completely to deplete the ore reserve. Should 
this be attempted, very certainly, and probably quite quickly, the 
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mine would again be prepared to yield satisfactory returns to a 
rational operation. 

Copper sulfate, being a salt of which the base is relatively less strong, 
that is less ionized in aqueous solution than is the acid, the solution of 
this salt will have the properties of an acid solution and will dissolve 
copper oxide or hydrate. Hence, a solution percolating through such an 
orebody as we are considering must become acid, at least beyond the 
layer of application, and dissolve copper hydrate, which is one of the 
immediate products of the reaction between chalcocite, air, and water. 
The normal salt, chcdchanthite, CUSO4.5H2O, according to Clark,^ is 
deposited by evaporating cupriferous mine waters. He quotes a reported 
case in Chile, when chalcanthite is found as an impregnation in partly 
decomposed granitic rocks, associated with malachite, azurite, and 
chrysocolla. It has been our observation that the characteristic blue 
crystals of the normal salt, CUSO4.5H2O, can be obtained from a labora- 
tory evaporation of the teachings, but the surface coatings in the mine 
and plant workings more often have a greenish color and the general 
appearance of the basic salt, brocanthite, Cu4(0H)6S04. We have not 
attempted to prove the presence of brocanthite in any particular case, 
for it would have but an academic interest, and there is good reason to 
think the coatings we observe are of a wide range of basicity with bro- 
canthite a special case somewhere within this range. It will be interest- 
ing to determine, when opportunity serves, whether or not we are dealing 
here with one or more series of solid solutions. The fact is that leaching 
these products, either with pure water or a slightly alkaline solution, 
removes the acid more quickly than the base; and if the process is several 
times repeated, there is a moist insoluble mass that then absorbs carbon 
dioxide to form malachite, Cu2(0H)2C03, or azurite, Cu8(0H)2(C08)2. 
Both these basic carbonates are found in the ore masses in the caved 
zone. They were most probably formed at times when this material 
was at or near the surface or in relatively dry workings of the old mine, 
for it is inconceivable that they could form in the presence of a solution 
of sulfuric acid. In fact, they are more or less readily dissolved by the 
leachings and are a part of the ‘^soluble contents of the orebody. 

Of the other components (mineral species) or constituents (elements 
or radicals) in the orebody, iron alone seems at this writing to have any 
practical importance. Laboratory investigations on leaching the ore 
continuously with distilled water and with dilute acid solutions show iron 
to be removed continuously as well as copper; these observations are in 
harmony with those on the large-scale leaching of the caved zone. This 
leached iron is partly ferrous, partly ferric, indicating as origin not only 
sulfides but silicates and that leaching of the orebody will produce a 


* Data of Geochemistry, U. S, Geol. Sunr. ( 1924 ) Bull No. 770 , 678 . 
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continuous degradation and disintegration of the orebody as well as 
decomposition of some of its components, which makes for a greater 
porosity and ease of removing copper. Its greatest importance lies in 
the possibility that it may form protective coatings of ferric hydrate, 
inhibiting the action of the percolating waters, and that it may affect 
the operations in the precipitating launders. 

Leaching 

The leaching of a soluble substance, uniformly dispersed through a 
more or less uniform absorbing medium of small-pore dimensions, is a 
process that has been rather well studied. In the absence of disturbing 
factors, it is described by the equation: 


where z represents the amount that has been leached for a given interval 
of time; gallons of water leached, or whatever standard of reference may 
be desired, represents by y; k, is a constant, characteristic of the par- 
ticular absorbent; and A represents the total amount of the soluble 
substance that can ultimately be recovered by leaching. ^ The correspond- 
ing graph is an hyperbola symmetric to the axis of abscissas. Usually, 
the disturbing factors are changes in the specific adsorptive capacity of 
the insoluble medium for the solute with concentration, hydrolysis of the 
solute, floculation or defloculation of the absorbing medium; phenomena 
that are disturbing only when the leaching has proceeded to a point when 
the value for x has more or less closely approached the value A. For 
various other reasons, mechanical and financial, it is seldom worth while 
to attempt a complete recovery of a soluble substance by leaching. 
Usually, also, it is comparatively simple to make a few experiments to 
discover the values of k and A with suflScient accuracy; the formula then 
becomes really useful for describing or predicting the results of leaching. 
One can determine, for example, with a desirable approach to accuracy, 
the amount of water that will be required and the time required, or the 
‘‘life'' of the project. 

Unfortunately, no such simple treatment of the problem of leaching 
the orebody of the Ohio Copper Co. is practicable, because of the dis- 
turbing factors to be now noted; but it is deemed desirable to present 
this method of approaching the problem as well adapted to bringing into 
consideration the nature and importance of the disturbing factors and as 
emphasising that the recovery of copper from this orebody by leaching 

• This is the well-known formula for reaction velocity, whether chemical, physical? 
or biological. It has been extensively used in leaching studies. For early examples 
see publications of the Bureau of Soils, U. S. Department of Agriculture. 
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is Hot, and eannot be from its very nature, a ra|^ procedure; rather it 
is a time-consuming one, probably of many years. 

The interstices of the orebody in the caved zone, where most of the 
leaching has been done, are large and irregular, compared with the capil- 
lary surfaces in the individual pieces of rock. The percolating waters 
bathe the surfaces only of the individual masses, whereas most of the 
soluble copper is within the fine pores of these individual masses, from 
which it can diffuse but very slowly, compared to the rate of flow of the 
percolating water. Moreover, copper is continually being converted to 
soluble sulfate in and upon these masses and at continually var3dng rates. 
It is impossible to determine, or predict quantitatively, how these simul- 
taneous phenomena will mutually affect the composition of the solution at 
any given time or position within the orebody, and hence to make use of a 
quantitative formula for computing the removal of the copper by leach- 
ing. Even more difficult is it to evaluate to the consequences of the dif- 
ferences in rate of solution of the several copper compounds, with the 
rate of percolation of the water. It is well recognized that a slow per- 
colation in thin water layers is the most eflScient use of the given volume 
of water. However desirable it may be that the percolating waters ffow 
over the individual ore masses in film form only, it can hardly be antici- 
pated that this state of affairs will ever be attained completely, and it 
certainly has not up to the present, for its importance has not been fully 
realized. It has been recognized that the distribution of a given amount 
of water over a large area in small streams is preferable to a concentration 
in a few large streams, hence the use of perforated launders. 

Within the past few months the problem of the best distribution of 
the water has been closely studied and in the light of large-sized prac- 
tical experiments. The water has been delivered in large streams 
into holes on the surface, into cracks, and fissures; upon a rather wide 
area prepared by deep blasting (20-30 ft.) under the overlying burden 
of soil and into consolidated rock adjacent to the caved zone, as well as 
upon the surface overlying the caved area in well-distributed volumes. 
As well as can be determined, it has been found that there was but little 
percolation of the water throughout the consolidated rock and, while 
there was a recovery of some copper, the heads were disappointingly low. 
Better results were obtained from the water entering by way of holes over 
the caved zone; but the best results came from a wide distribution over 
the caved zone. It is now planned to abandon temporarily efforts to 
leach the consolidated-rock regions pending the inauguration of a sys- 
tematic procedure for preparing this region for leaching, and to confine 
the leaching operations to the caved zone for the immediate future. 
To this end, a tunnel (Dederich on 100-ft. level) is now being driven 
through the upper part of the caved zone from which laterals ahd sub- 
laterals will be constructed so that, when completed, practically the 
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whole horisonial ciossHiection of the region or any desired part of it, can 
be wetted at once, thus permitting a desirable mobility in alternately 
leaching and drying. The completion of this tunnel system will 
make possible the leaching of a much larger part of the caved zone than 
has been practicable. In fact, it is reasonably certain that a relatively 
small part only of the broken mass has been leached and that far 
from thoroug^y. 

The percolating waters have two dominant duties, as well as several 
minor ones. They must dissolve copper sulfate and carry it to the 
precipitating plant; and they must carry oxygen from the surface for 
the continuing oxidation of the sulfides of copper within the ore mass. 
Both these functions am dependent on the manner of appl3dng the 
water; and there is a decided division of opinion on this fundamental 
operation. It is held that mass percolation, where a large volume of 
water is applied quickly to a restricted area, by bringing a large volume 
of water in a given time into contact with the copper-sulfate coatings on 
the individual rock masses, dissolves them more completely; and that 
this method of application traps and mechanically drags into the orebody 
large volumes of air. To these views it can be objected that a relatively 
large part of the water is passing through the large interstices out of 
contact with the copper sulfate, and having no appreciable effect upon 
it; that the rate of solution of crystallized salts is so slow, compared to 
the rate of passage of the water being forced past it, that the solvent 
action effected is out of all reasonable proportion to the volume of water 
required for it; and that it is improbable that any large part of the 
trapped air is carried very far, being pretty thoroughly scrubbed out by 
the first few feet of broken rock, and returns to the surface without doing 
any useful work. Obviously, this method requires the maximum amount 
of pumping. 

Diametrically opposed is the view that the water should be applied 
in the film form, or as nearly in the film form as can reasonably be attained 
in a practical operation, which means distributing any given volume over 
a very wide area slowly but continuously. In this way, the water (for 
the most part at least) will enter and continue through the orebody in 
approximately film form, a very much larger area of ore surface will be 
bathed, and a larger amount of copper sulfate will come into contact with 
it and a much longer time for solution will be afforded. A much larger 
amoimt of oxygen (in distinction to air) will be absorbed by the films at 
the surfaces and carried in dissolved form far into the interior of the 
orebody and in the form most useful for oxidation of the minerals. 

It E^ould be noted that spreading the water over so large a surface as 
to attain film form induces a rise in temperature, especially when the 
surface being wetted is relatively dry. An increased temperature above 
that of the entering water can be maintained by making the percolation 
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sufficiently slow. It has been pointed out that a high temperature is 
favorable to the rapid oxidation of the copper sulfides, from this point 
of view a film percolation is to be preferred. 

Copper sulfate in aqueous solution is hydrolized, the solution behaves 
as thou^ it contained free sulfuric acid and will dissolve copper hydrate. 
The greater the concentration and the higher the temperature, the greater 
will be the amount of the hydrolysis and the more copper hydrate will 
be dissolved. Similar statements hold for the action on copper carbon- 
ates. Likewise, the solution will dissolve the hydrates of iron, which 
are practically always an accompaniment of the oxidation of copper 
sulfides in nature, and by forming protecting films may retard the action. 
Obviously, as film percolation rather than mass percolation tends to 
dissolve and remove more copper and iron hydrates from the sulfides, it is 
to be preferred. 

The film method of percolation is to be preferred to mass percolation 
from every point of view, especially because it will bring more copper 
to the precipitating launders daily, or for a given volume of water, and 
also because it better promotes the conditions in the orebody favorable 
to the continued and rapid production of soluble copper sulfates. 

The time required for penetration of the caved zone by water applied 
in the mass percolation manner, as measured by its appearance in the 
launders in the Mascotte tunnel is about 48 hr. If, however, film perco- 
lation is followed, this time element will be longer (probably very much 
longer) depending on how near to the ideal film condition the practice 
may be. No sufficient knowledge exists of the various factors that 
particularize this case to justify any attempt at evaluating them; conse- 
quently it is useless to attempt any theoretical estimates of what this 
time will be. It may well be two or three weeks. Probably for a short 
interval, the first runnings will be pure or nearly pure water, but quickly 
high ‘^heads'' will be attained, which will persist for a relatively long 
period and then gradually diminish. Obviously, once the flow is estab- 
lished the volume delivered to the precipitating launders for a given 
interval of time will be the same, no matter what system is followed, and 
independently of the rate through the ore mass. 

Considering, now, an individual piece of the ore, over the surface of 
which the percolating water is moving, the water with dissolved oxygen 
penetrates more or less completely the entire mass; reaction with the 
contained sulfides sets in, and if not checked by too rapid a flow of cold 
water on the outside, a quick rise in temperature follows; the reaction 
proceeds at constantly increasing speed for awhile, and then gradually 
dows down as there is an accumulation of the reaction products. If the 
soluble products of the reaction be removed as they are formed and the 
undissolved products do not form a too impenetrable coating, the reaction 
continues until the sulfide mineral completely disappears — or what is 
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more likely, the mipply of oxygen is exhausted. The temperature may 
rise to the boiling point of water, introducing another factor in percola- 
tion with which to contend. 

However, diffusion of the reaction products from the interior of the 
mass through the capillary and film water to the flowing water on the 
surface of the mass is very slow and cannot add much to the content of 
the percolating water, at least in any individual case, although the aggre- 
gate be appreciable; consequently, the reaction slows down and stops. 
If the percolation is stopped and the clearly washed surface of the mass 
dries, evaporation at the surface begins; there is a capillary flow started 
from the interior to the surface that carries with it the dissolved sulfates, 
which will be deposited on the surface as evaporation proceeds as a more 
or less thick and dense film of basic copper and iron sulfates, with less 
conspicuous amounts of other substances in individual cases. How far, 
or rather how long, this procedure should be carried, in practice, is purely 
a matter of judgment of the operator at present. The movement of 
water, or of a dissolved substance, in a porous medium follows a law 
expressed by the formula y” = W where y is the distance and t the time.® 
The value of n is constant for any given absorbent medium, say an 
individual piece of rock, but the porosity appears to vary too much in 
different pieces, as well as the size of the different pieces, to permit any 
useful application of the formula. 

On resumption of leaching, water again penetrates the ore mass, 
carr3dng a new supply of oxygen, for the reaction with the remaining 
sulfides, and sulfuric acid for the solution of protecting films of hydrate. 
Thus, the cycle of operations can be continued indefinitely, but with 
slowly diminishing results until that time when it wiQ be of no practical 
importance. It would be advantageous to know how far the phenomena 
just described have progressed in our orebody, particularly in the caved 
zone. The driving of the Dederich tunnel and laterals affords an unusual 
opportunity to obtain samples to test this matter and accumulate data 
of great technical value, not alone for the Ohio Copper Co.^s enterprise, 
but for all copper-leaching projects. 

The laboratory problem is to determine not only the total copper in 
the sample, but that proportion of the total which is now soluble in 
water and soluble in dilute sulfuric acid. It is proving to be far from a 
simple problem. As a preliminary step, a column of broken ore was 
arranged by placing about 4500 gm. of rock from the broken zone in a 
series of funnels made by cutting off the bottoms of ‘‘Winchester quarts,^^ 
or the ordinary bottles in which acid is sold. The funnels were arranged 

•Cameron and Bell: Bur. of Soil, U. S. Dept, of Agriculture BvJl, No. 30, 50 et, 
aeg., 18, 

Bell and Cameron-. JnZ. Phys. Chem. (1906) 10 659; Wolfgang Ostwald, ZeU. 
Kd. Chem, 2, Supplementheft, Zeit, Kd, Chem Q908}. 20. 
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one above the other so that the drip from oue would fall upon the ore in 
the next fimnel below and in such a manner that it would splash over 
the whole surface and percolate throughout the entire contents of the 
funnel. About 7500 cc, of distilled water were thus percolated through 
the entire column, the operation taking approximately 4 hr. The col- 
' lected drainings were then sampled for anal3n3i8 and the residue again 
percolated through the column. This operation was repeated twenty 
times; the concentration of the percolate, with respect to copper, increased 
with each cycle from 0.0442 per cent, after the first cycle to 0.113 per cent, 
after the twentieth, when the series of cycles was interrupted. The 
final solution contained 0.0032 per cent, ferrous iron and 0.006 per cent, 
ferric iron. 

At the same time, working with Dr. Thomas B. Brighton at the 
University of Utah, a sample taken from the Dederich tunnel was 
crushed to ^ in. or less and then carefully quartered and a subsample 
weighing 123 gm. was placed in a Soxhlet apparatus, thus subjecting it 
to continuous percolation with warm distilled water. This operation 
was repeated with successive portions of water at approximately 2-hr. 
intervals and the resulting solutions analyzed for copper. Copper was 
leached in progressively diminishing amounts for five successive extrac- 
tions, the total aggregating 0.2231 per cent. While copper could yet be 
extracted by water, the amount in the last extraction was sufficiently 
low to justify interruption of the procedure. 

As sulfuric acid is not appreciably volatile with steam, a moderately 
dilute solution of hydrochloric acid was used in the Soxhlet assembly 
and successive extractions analyzed for copper, the results aggregating 
0.234 per cent. 

Finally, the solid residue was removed from the instrument, the 
coarser particles further comminuted and the copper yet remaining, and 
amounting to 0.388 per cent, of the total sample, was recovered by diges- 
tion on a hot plate with nitric acid. Therefore, of the 0.796 per cent, in 
this sample, 0.457 per cent, was taken out by water and dilute acid, 
indicating a possible recovery by leaching of 67 per cent, of the copper 
present, even though no further oxidation should take place. 

The importance of these experiments lies in the confirmation they 
afford to the a priori considerations stated above; that the leaching of 
copper sulfate from this orebody must be continuous over a long period 
of time; that formation of copper sulfate is in progress; that the copper 
hydrate being formed simultaneously will be recovered by the acid per- 
colating solutions, but that neither operation is, in itself, a satisfactory 
procedure for the daily laboratory analyses of a number oif samples, being 
time and labor consuming and, generally, cumbersome. 

The water available at present for the leaching operations of the 
Ohio Copper Co. has two sources. The company haa an agreement with 
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tiie town authorities of Bin^am and all other interested parties to pump 
400 gal. per min. from the open drain through that town, returning an 
equal volume from its tailings ; this is called the creek water. It is always 
acid in character, contains considerable organic matter, which is objec- 
tionable as a consumer of oxygen, and varies in composition from time to 
time. A typical analysis is given in Table 3. The pumping operations 
at the Bingham mines are interrupted at 45-min. intervals, however, so 
the average from this source is about 600 gal. per min. It is anticipated 
that this source of supply will be largely augmented in the near future. 
The water at present has an alkaline reaction due to dissolved carbonate 
of lime. It is quite constant in composition and a typical analysis is 
shown also in Table 3. We are without adequate information as to its 
probable composition when the augmented supply becomes available. 

To these must be added the tailings from the precipitating launders, 
which are quite acid in character and carry large amounts of dissolved 
iron. At present, part of these tailings are discharged through the 
Mascotte tunnel to Lark, where the small amount of copper they some- 
times carry is precipitated on iron scrap in a '‘scavenger’^ plant. Another 
part is mixed with the Bingham mines water. When these waters are 
brought together, there is a noticeable precipitation of ferrous hydrate 
or carbonate. Passing through the pumps, through 1600 ft. of piping 
to the surface, and through the launders, pipes and ditches on the surface, 
the precipitation continues, accompanied by absorption of oxygen, so 
that all the conduits are soon lined and the surfaces upon which the water 
is discharged are soon covered with a deposit of ferric hydrate. On 
standing, the ferric hydrate settles to a dense mass, which has much merit 
as a seal in the pipes and launders, but is otherwise a great nuisance. 


Table 3. — Analyses of Waters Used for Leaching 



Creek Water, 

Per Cent. 

Bingham Mines 
Water, Per Cent. 

Reoiroulated 
Water, Per Cent, 

Fe" 

0.016 

0.001 

0.107 

Fe'" 

0.012 

0.001 

0.005 

Cu 

0.0016 


0.0024 

CaO 

0.033 

0.029 

0.047 

MgO 

0.020 

0.006 

0.021 

HtS04, . 

0.006 


0.008 

CaCO, 

0.010 



When the tailings and Bingham mines waters are mixed, both the 
dissolved calcium bicarbonate and the ferrous sulfate are greatly dputed, 
unfortunately, at high dilutions, the reaction between these salts is very 
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slow, probably because of the very slow disengagement of the carbon 
dioxide. A laboratory investigation showed that about equal volumes 
of Bingham mines water and tailings produced a neutral solution, but 
after pumping air through such a mixture for intervals of about an 
hour, no apparent precipitation was obtained although it is readily 
apparent at all times about the mine workings. A precipitation was 
gradually obtained in the laboratory by heating such mixtures. Very 
serious consideration is being given to this “iron” problem, as it is 
undesirable to have the hydrate deposited in the orebody, even if it takes 
place at very shallow depths only; it adds appreciably to operating costs to 
replace piping the effective cross-section of which is reduced by the 
deposit. No chemical treatment seems to be economically justified. 
Filtration through sand seems to be the practicable and best means of 
meeting the situation. Not only will the solid precipitates be retained 
mechanically, but sand is particularly efficient in selectively absorbing 
iron from its dissolved salts and permitting the freed acid to be carried 
on by the percolating waters.^ This remedy, to be fully effective, 
presupposes complete adoption of the film method of percolation and 
practical engineering difficulties may prevent this being done in its 
entirety until the completion of the Dederich tunnel. 

If, and when, the sand filtration method cannot be followed, it would 
be desirable to discard all the tailing waters, for their content of 
copper (about 0.4 lb. per 1000 gal.) is not sufficient to justify any treat- 
ment other than at the company’s scavenger plant. Unfortunately, 
this is not deemed practicable at present, as it appears unwise to leach 
with the Bingham mines water directly, for it is feared that in the first 
part of its path through the orebody, it will precipitate copper instead of 
dissolving it because of its alkaline character. A mixing with the tail- 
ings is apparently the cheapest and an effective method of giving the 
percolating waters an acid reaction from the start of the leaching opera- 
tion. Further experimental study of the question is under way. 

Confusion regarding these “iron” phenomena has developed wherever 
similar operations are carried on and has led to erroneous concepts of 
what may be occurring within the orebody. It is assumed that ferrous 
sulfate is hydrolized in solution, which is true; that oxygen is absorbed 
and converts the hydrolized ferrous hydrate to ferric hydrate, which 
is true; and that the ferric hydrate then precipitates, which is not true, 
as any one may quickly learn by tiying the experiment under controlled 
conditions of the laboratory.. The total content of sulfuric acid is not 
changed on the absorption of oxygen and ferric sulfate is much more 


'Ibr a disoussion and references see Bureau of Soils, U. S. Department of Agri- 
fUltoie (1905) BvU. No. 30. 
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soluble than ferrous sulfate; consequently, there is no change in the con- 
tent of dissolved iron. What does happen, if time and oxygen are suffi- 
cient, is a complete conversion of the ferrous sulfate to ferric sulfate and 
this latter is hydrolized to the degree that the solution behaves in its 
solvent action on metals, oxides, or carbonates, as though it were a solu- 
tion of free sulfuric acid. If, now, the solution is neutralized by adding 
some relatively strong basic substance, as the calcium bicarbonate of 
the Bingham mines water, the weak base ferric hydrate will be formed 
and, being insoluble, it will precipitate. The descriptive phrase “hydro- 
lizing out of iron” is most unfortunate in concept and expression. The 
phenomenon of hydrolysis of electrolytes in aqueous solution is entirely 
different and distinct from the phenomenon of precipitation of an insolu- 
ble substance resulting from a reaction and there can be no justification 
for confusing the two. 

Ferric hydrate is an exceedingly weak base, weaker than cupric 
hydrate which, in turn, is weaker than ferrous hydrate. If, then, to a 
given solution of ferric sulfate, cupric hydrate or ferrous hydrate is added 
slowly and continuously, at first there will be solution -and disappearance 
of all solid phases, but in time ferric hydrate will commence to separate 
as solid phase, just as though any other base were being added, such as 
magnesium hydrate or sodium hydrate. As pure ferrous hydrate will 
turn red litmus to blue,* one would expect that a complete precipitation 
of ferric hydrate might be accomplished by adding enough ferrous 
hydrate, although obviously more than a stoichiometrical equivalent of 
magnesium or sodium hydrate, because ferrous sulfate itself is appreci- 
ably hydrolized with formation of an acid solution. Similarly, ferric 
iron may be precipitated from a sulfate solution by cupric hydrate. The 
precipitation of cupric hydrate by ferrous hydrate is a more complicated 
affair because of the difference in the state of oxidation; it is to be expected 
that there will be reduction of the cupric to cuprous hydrate with oxida- 
tion of the ferrous to ferric hydrate and precipitation of this last. 

It has been shown above that cupric hydrate and ferrous hydrate are 
present in the orebody. It is conceivable that a percolating solu- 
tion of ferric sulfate, either in traversing a long path or by moving slowly, 
might ultimately dissolve sufficient cupric or ferrous hydrate to cause 
precipitation of ferric hydrate, especi^Iy if this path had previously 
been scoured free from cupric sulfate. The probability of such a catas- 
trophe seems remote, but catastrophe it might well be if the precipita- 
tion were long continued, hence, the wisdom in not taking the chance 
and removing the possibility. The only certain and practical way yet 
suggesting itself is the use of the sand filter. 


• Mendelew. 
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PHBCIPITAnON 

The precipitation plant is located in the Mascotte tunnel about 2 
milpjn from the portal at Lark. It is arranged in two rows of launders 
on either side of the haulage track, each row aggregating 1600 ft. in length, 
or 3200 ft. in all. The rows are subdivided into sections of 320 ft. with a 
siphon at the end of each section to bypass the pregnant solution to the 
opposite row during washing or loading operations. The individual units 
are 16 ft. long with a cross section 32 by 32 in. They are gunited to 
prevent leakage. A false bottom is supported 17 in. above the floor of 
the launder; this bottom is a wooden lattice with square openings 
and is built in sections for ease of handling. Immediately above the 
lattice, in the side of the launder, is a hole that is opened during washing 
or draining; at other times it is closed with a plug. The rows are set with 
a grade of 0.5 per cent. The pregnant solution (heads) is brou^t to the 
launders from the old ore chutes, where it appears in the tunnel, by a 
launder system aggregating about 1500 ft. The barren solution (tails) 
is discharged to a drain through the tunnel to Lark, but with a gate a 
few feet beyond the precipitating launders, where it is diverted, in part, 
into a sump from which it is pumped to the surface above the orebody. 
This sump receives also the Bingham mines water in transit to the surface. 

The scrap, or detinned iron, is received in compressed bales weighing 
about 75 lb. each. The Metal & Thermit Corpn., from whom it is 
obtained, remove the tin by treatment with caustic soda, leaving a metal 
with a surface veiy well adapted to copper precipitation. UsuaUy it 
reaches the launders in excellent condition, but sometimes there is a little 
adherent caustic and rust. The bales are tom apart at the launders and 
the loosened scrap heaped upon the false bottom; it is the duty of the 
plant operatives to keep a full supply in the launders always. It seems 
to be necessary that the scrap be piled well above the surface of the solu- 
tion and apparently offering an excellent opportunity for rusting; twice 
the equivrdent iron is lost as a copper precipitant, and with added con- 
tamination of the copper. The experiment was tried of running two 
series of boxes in parallel; in one series the scrap was kept completely sub- 
merged, while in the other it was piled above the surface as usual. After 
some days the copper precipitated was sampled. They showed no signifi- 
cant difference in grade or iron content but in both cases were somewhat 
above the grade usuaUy recovered from the same boxes. The latter fact 
is probably due to the more than usual interest, and therefore care, of the 
plant operatives in the experimental boxes. It is probable that if solid 
oxides of iron were formed, they were floated on to succeeding launders. 
As the weight of scrap used and copper recovered were not recorded, it 
is yet to be determined if complete submergence is desirable or would 
jisrtify the additional labor that would be required. 
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The Masco^ tunnel and all offsets where men are employed are well 
Uf^ted by electricity. Extra and ample lighting is provided in the 
precipitation plant. An electric tram provides adequate haulage facili- 
ties and the ventilation in the plant is good. At intervals, 2-in. piping 
with hose attachments are provided for washing the copper and keeping 
the equipment clean. The equipment is first class and adequate, and 
the operations well done, due, in great measure, to the small labor 
turnover. Three shifts of fifteen men each are employed in the 
plant operations. 

The pregnant solutions reaching the head of the launders vary some- 
what in volume, from 1200 to 1500 gal. per min. The average rate of 
flow or advancement down the launder system is about 40 ft. per min., 
so that the minimum time of contact with metal is not less than 40 min. 
The gradient being fixed, the rate of flow is determined by the volume of 
solution handled and the effective cross section of the launders; this last, 
in turn, is determined by the amount of scrap submerged. The general 
policy is to crowd the submerged scrap as much as possible without 
causing overflows. Under any conditions, the velocity of transport is 
higher than the usual practice elsewhere, but it is thought to be an impor- 
tant factor for the production of a high-grade copper precipitate. 

The composition of the pregnant solution also varies somewhat, and 
probably always will. Naturally we may anticipate much higher heads 
as development at the surface makes possible a wider area of ore surface 
to be bathed by the percolating waters; it is thought that this will be 
advantageous not only in an increased production, but because increases 
in grade of product and efficiency in iron consumption are promoted by 
‘'high" heads. The composition of the solution for the last six months 
of 1924 is indicated in Table 4, the figures being averages of the 
daily analyses. 


Table 4. — Pregnant Solutions for 6 Month Period^ 1924 


Month 

Head, 

Gal. 

per Min. 

Ineol., 

Per 

Cent. 

I 

CuSOi, 

Per 

Cent. 

FeSO«, 

Per 

Cent. 

Fe,(SO«)i. 

Per 

Cent. 

CaSOi, 

Per 

Cent. 

MgSO*. 

Per 

Cent. 

Al«^SO«)i, 

Cent. 

July 

1852 

0.011 

0.494 

0.052 

0.147 

0.141 

0.102 

0.168 

Auguti 

1402 

0.012 i 

0.477 

0.035 

0.125 

0.141 

0.087 

0.332 

September 

1343 

0.013 

0.454 

0.060 

0.086 

0.141 

0.097 

0.157 

October 

1260 

0.018 

0.617 

0.095 

0.125 

0.143 

0.135 

0.157 

Norember 

1324 

0.012 

0.412 

0.049 

0.150 

0 148 

0.197 

0.077 

Deoember 

1407 

0.012 

0.324 

0.033 

0.168 

0.156 

0.281 

0.107 


These figures appear to show that the use of the smaller volume of 
water not only brings higher heads to the precipitating launders, but also 
more copper. For instance, in October, with an average volume of 
1260 gal. per min. percolation, about 66 lb. per min. of copper sulfate was 
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treated; while in August, with 1402 gal. and in December, with 1407 gal. 
per min., 56 and 39 lb. of copper sulfate per minute were treated. The 
figure for August is associated with, and probably due to, the extra- 
ordinary concentration of aluminum sulfate. The figures are practical 
arguments for film percolation. Further, it appears that while the per- 
centage of total iron in the smaller and larger volumes does not differ 
significantly, so that the actual mass will be less with less water, a sig- 
nificant difference does exist in the state of oxidation, a latter proportion 
being ferric iron, when the larger volume of water is employed. This 
means that more scrap will yield less copper when the larger volume 
is employed. 

The average copper (Cu) content of the pregnant solution for the 
year 1924 was 0.204 per cent., that of the barren solution 0.0058 per cent. ; 
hence the recovery was somewhat better than 97 per cent. This must be 
considered a very gratifying result when the iron consumption is also 
considered. The record of actual shipments confirms the calculated 
recoveries quite closely and mechanical losses are small. 

The principal factors determining the rate of precipitation of the 
copper, aside from temperature, are the concentration of the solution 
with respect to copper and sulfuric acid.* Consequently, the precipita- 
tion regularly decreases as the solution becomes impoverished in copper 
content, and the acidity is decreased by solution of ferrous iron. These 
facts are shown in Table 5, which has been computed from the analyses of 
the solutions entering at the head of the sections indicated. 

Table 5. — Percentage Recovery of Copper in Several Sectors; Averages for 

the Year 1924 

Average volume of pregnant solution, 1276 gal. per min. 

Average copper per 1000 gal. pregnant solution, 17.031 lb. 


Sections 1-2 3-4 6-6 7-8 9-10 All 

Recovery 37.2 29.2 17.9 8.7 4.3 97.3 


The relatively high velocity of the solution through the launders, and the 
agitation thereby produced, prevents occlusion or “sticking” of foreign 
substances in or upon the copper films as deposited. Moreover, it floats, 
or carries in mechanical suspension, the smaller and lightest particles 
from box to box. This flotation is selective, hence there is a marked and 
progressive segregation of ferric oxide in the lower launders. These 
facts have been charted. Fig. 1, where “grade” of the product has been 
plotted against percentage of copper in solution. As a matter of practice 
it has been found that a high velocity of the solution is more important 


* Iron does not precipitate copper from an alkaline solution but zinc does; these 
facts snggest that the high concentration of acid is desirable because of the more rapid 
Sototkm of the iron therein. 
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ioD^^conl/iDiiod contiRcl/ of mctiRllic iron Rnd solut/ion. In flic cftrlicr 
operations, when the launders were set so that the movement of the solu- 
tion was sluggish, poor recoveries were realized; but, the recoveries were 
promptly brought to their present high efficiency when the launders were 
brou^t to their present gradient. 

The speed with which the copper is precipitated may be a practical 
factor in the purity, or grade, obtained, aside from mechanical inclu- 
sions in the film. Theoretical and a priori considerations would suggest 
a better copper with slow deposition from dilute solution. Actually, 
plant results seem to be opposed in that the best grade of copper is 
obtained with high heads and rapid deposition, the grade always falling 
below 90 per cent, when the concentration of copper in solution falls 
below 0.06 per cent. Whether or not slow deposition is undesirable for 
good plant precipitation and the plant observations are a confusion of other 
and masking phenomena, is of practicable importance and must be worked 
out under controlled laboratory conditions. 

In its progress through the launders, the solution becomes progres- 
sively leaner in copper, but progressively dissolves iron to form ferrous 
sulfate. Ferrous iron is a fairly strong base, so the hydrogen ion con- 
centration is rapidly reduced. Gaseous hydrogen escapes from the 
solution and precipitation of metallic copper slows down. There must 
be some absorption of oxygen as well as evaporation in the passage 
through the launders; this oxidation is reflected in a higher and higher 
consumption of iron per unit of copper precipitated. The concentration 
may reach the point where a basic ferrous sulfate will separate as solid 
phase; some observations in the plant indicate that this has happened, 
although the major part of it must have floated off in the tailings. It 
ha 43 been suggested that in the nearly neutralized solutions of the lower 
launders the relatively '' strong'' base ferrous hydroxide causes a precip- 
itation of the relatively very ‘‘weak" base ferric hydrate formed by the 
absorption of oxygen and that this accounts for the accumulation of the 
latter in the copper recovered. In other words, metallic iron in a satu- 
ated solution of ferrous sulfate exposed to the air will completely dis- 
appear to form ferric hydrate and it is futile to attempt the recovery of a 
small amount of copper from such a solution. Technically the addition 
of more water and sulfuric acid is the answer; economically, the problem 
is whether a very high recovery of copper is justified, considering the 
iron consumption and equipment necessary. The answer may well 
vary for different installations and at the same installation with changing 
conditions in the price for copper, iron or labor. 

At the Ohio Copper Co.'s plant, the consumption of iron in the several 
sectors is to be determined with the precision necessary to justify any 
modification of the present practice, which has been developed empiri- 
cally. It is believed that contamination of the copper from precipitated 

vou Lxxm. — 4 . 
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ferric hydrate is not seriousi if it occurs at all, the feme oxide m the 
lower grades being explained by the rust on the scrap, with sel^tive 
flotation. In all grades, there is always some iron, usually an ins i pi ifi - 
cant amount, in the form of minute undissolved fragments of scrap, and 
a decidedly significant amount in occluded and adsorbed sulfates which 
cannot be removed by washing with water alone. 

The iron consumption for the entire operation is about pound for 
pound; that is, a pound of iron is dissolved for every pound of copper 
shipped. This result would probably compare favorably with those 
obtained elsewhere; nevertheless, a margin for improvement exists. 
It shows that about 88 per cent, of the iron is actually used in precipi- 
tating copper. Allowing 2 per cent, for rust and impurities, about 
10 per cent, is used in reducing ferric iron to the ferrous condition. No 
great improvement in the plant practice appears possible, hence any 
increased eflSciency in iron consumption must be sought in an increase in 
the ratio of copper to iron in the pregnant solution with improved perco- 
lation. That this will be realized, is indicated clearly by the histoiy of 
this enterprise. 

The Pboduct 

Depending on its position, the concentration of the pr^nant solution, 
and to less extent on other factors, the space below the false bottom of 
the individual launder becomes filled with copper in from 6 to 30 
days. Always several launders are about filled at the same time. The 
solution is then bypassed, by the siphons at the head of the section, and 
when the flow has ceased the plugs are drawn in the launders to be 
emptied, the scrap washed by means of the hose, and moved to a conven- 
ient place. The copper is agitated and washed by means of the hose, 
settled, the supernatant solution of ferrous sulfate drained ofF, and the 
copper shoveled into lorries and carried to the loading station at Lark, 
when it is shipped to its destination. On the whole, the operation is 
efficient. Washing the scrap recovers copper from it and improves its 
surface for further use, but entails a certain risk of carrying frag- 
ments of iron and other undesirable components into the copper. Pos- 
sibly a diaphragm pump could advantageously be employed for loading 
the lorries. About three-fourths of the product, when dried, will grade 
90 per cent, copper or better; the remainder, from the lower launders and 
contaming much iron, grades sometimes to a lower limit of 60 per cent., 
but usually above 70 per cent, copper. 

By the time the product is loaded at Lark, it has settled and much 
water has drained from it. As shipped, it carries about 30 per cent, 
water^ which has somewhat lessened at destination where sampling for 
s^la^t analyses are taken. Meanwhile, oxidation has taken place, 
the ^Aaracteristic metaUic appearance has given way to a duU 
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blown or almost Mack. On di 3 ring, in preparation of the sample for 
analysis, a farther and more extensive oxidation occurs, which may 
amount to 6 per cent, or more, so that a product which diould grade 90 
per cent, oopper will grade only 86.6 per cent. This difficulty is a serious 
handicap in the marketing of cement copper and working out an equit- 
able basis for settlements. Two problems are involved. One, the 
working out of a quick laboratory method of drying the sample, which 
will preclude further oxidation without reduction of any oxides that may 
already be present; attempts to dry the sample in an inert gas are prom- 
ising. The second problem is to free the product from moisture before 
shipment, without at the same time oxidizing it. 

To this end, it has been suggested that the product be dried in a 
current of stack gases, but it is necessary to use an excessive amount 
of heat to remove the moisture to the point where oxidation will not 
promptly set in and continue extensively unless stirring be employed; 
and with stirring, dust losses are high. 

Melting has been proposed. The product is excellent, for no refining 
is needed, and it appears to be a simple matter to reduce copper oxide to 
a negligible minimum and slag and skim off the iron, sulfur and silica. 
But the dust losses are again high in the melting and the product must 
be dried first. 

Recourse to briquetting at high pressures seems to promise a way out 
of the difficulty. The Salt Lake Iron & Steel Co. has put at our disposal 
100-ton hydraulic press and the Salt Lake Shop of the D. & R. G. W. R. R. 
has permitted certain experiments with its 600-ton press. 

The first experiments were made with rejects of the settlement 
samples, which were stirred up with an excess of water. The results 
were promising but the bricks were too high, in comparison with their 
cross-section, and broke or shattered too easily, generally along surfaces 
in which some foreign substance, usually a silicate mineral fragment, was 
embedded. On standing 24 hr., apparently due to readjustment of inter- 
nal stresses, the bricks became much tougher and resistant to breaking 
tests. Coming from the press, the bricks felt cold, but quickly came to 
room temperature and appeared to be perfectly dry. The water extruded 
in the pressing carried notable quantities of ferrous sulfate and some 
ferric sulfate. 

Bricks were then prepared at various pressures, up to 150 tons per 
square inch. The densities, when plotted against the pressures, fell on a 
smooth curve; but as subsequent investigation proved them to have no 
absolute significance, they are not presented. The curve was asymptotic 
aird it appeared that the higher pressures would not be justified by tte 
increase in density attained, considering the added expense of building 
a press for a quantity production with excessive pressures. At 150 tons 
per square indr, the plunger was bent and split and the die was distorted. 
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Special steels from two manufacturers have been secured, new dies and 
plungers made and tested, and it is no longer a problem to secure suitable 
material for them. 

The brick made at 150-tons pressure, although distorted and, when 
tested, showing but little greater density than bricks made at half the 
pressure, nevertheless appeared, generally, to be more desirable and less 
resistant to abrasion than any yet made. The density, a little more than 
6, was far short of the density of melted copper; hence a more detailed 
study of the bricks was made in various ways, which need not be detailed. 



Fig. 1. — Curve showing grade op product obtained using varying concen- 
tration OF COPPER in heading SOLUTION; ANALYSES OF PRODUCT OBTAINED FROM 
AVERAGE COPPER CONTENT OF CONTROLS RECEIVED FROM JuNE, 1924, TO APRIL, 1925; 
ANALYSES OF SOLUTION, AVERAGE ANALYSES DURING THIS PERIOD. 

It was foimd that, for stability, the truncated cone is most desirable 
and that the height should be less than the diameter; the samples of 
copper tested so far were unsuited to the purpose, the individual particles 
being coated with an oxide film. A suitable die having been made, a 
barrel of the fresh product was shipped directly to the foundry, a brick 
made for the instruction of one of the laborers, who thereupon, himself, 
promptly made about 100 of the bricks, at a pressure of 40 tons to the 
square inch, without slip or mischance of any kind to bricks, die or 
plunger. This shows that the operation can readily be carried on by 
intelligent labor without special training; satisfactory steel is available 
for dies and plungers and excessive pressures are not required, for the 
bricks made were in every respect satisfactory. They were heaped pro- 
miscuoudy in a nail keg, which was placed in the tonneau of a small 
motor car and carried over roads and pavements, cartracks, etc., and 
showed no abrasion. They are very resistant to breakage on being 
dropped or struck with a hammer. . They have been drilled and sawed, 
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showing clear metallic surfaces after the tool. After standing for several 
weeks, the surfaces are yet bright, showing little or no evidence of oxida- 
tion. Placed in a clay crucible in a muffle, they melt cleanly, as would 
a copper bar, without any suggestion of dusting. In fine, they appear 
to be in excellent form for shipping. 

Analysis of the product shipped to the foundry was made at the plant 
laboratory, which reported a copper content of 91.4 per cent. Two of 
the bricks, picked at random, were sent to the laboratory which reported 
as follows: 

F»jO», Insol « S, Moisture, 

Per Cent. Per Cent. Per Cent. Per Cent. Per Cent. 


Before briquetting 91.48 1.90 0.70 0.27 43.80 

After briquetting 94.43 1.64 1.00 .18 . 76 


Another brick, also picked at random, was sent to Crismon & Nichols, 
public analysts, who reported 95 per cent, copper. It may thus be said 
that an appreciable increase in grade is obtained by the briquetting in 
addition to putting the product into a dry form, resistant to oxidation, 
and well suited for direct shipment or to melting. Preliminary inquiries 
indicate that the difference in cost of installation would not be of material 
import between a suitable press or dryer equipment, while the operating 
cost would be greatly in favor of the press. 

The slight compressibility of water and its extrusion in the restricted 
space between the plunger and walls of the die, was foreseen; also that a 
part of the occluded iron would be thus removed. As ferrous sulfate dis- 
solves with contraction of the volume of water, pressure must increase 
the solubility. It would be interesting to determine the relations between 
the effect of pressure on the absorbed or adsorbed solute and solvent, but 
for the present we are obliged to be content with the assurance these 
experiments have given that it is quite practicable to prepare a cement 
copper for shipment with an iron content of less than 1 per cent. 

Costs 

Up to and including April 30, 1925, there has been shipped by the 
Ohio Copper Co. 17,076,099 lb. of cement copper at a total operating 
cost of $656,837.32. The smelting charges during the same period have 
been $422,919.22, bringing the total cost of making and marketing the 
product to $1,079,756.54. Consequently, on the pound basis, the figures 
are 3.847 cents for operating; 2.477 cents for smelting charges, and 6.323 
cents for making and marketing. 

The figure for operating cost includes all labor and materials in leach- 
ing, precipitating, mining and exploration, office, laboratory, and salaries 
at Ringhn.Tn , Lark, and Salt Lake City. It varies from tiine to time with 
production or with the individual items. The cost of the iron per pound 
of copper produced is approximately 1.25 cents for the metal. More 
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than half the labor is expended in handling the iron, hence it seems safe 
to assess half the remaining operating cost to it, bringing the total cost 
of iron to 2.55 cents, or a little more than 66 per cent, of the total oper- 
ating cost of making copper under present conditions. Instinctively, 
the engineer will look here for an opportunity to cut costs. It has been 
shown that there is possible a small improvement in iron consumption 
with an increase in the copper content and decrease in the ferric-iron 
content of the pregnant solution and, doubtless, with the larger mass of 
scrap that will be required by an increased copper production, there may 
be a small decrease in the labor item; however, no important change in 
the present eflScient handling of the scrap is foreseen, hence, no important 
lowering of the cost for iron. 

On the other hand, with an increased production of copper and an 
increased revenue in consequence, it is reasonable to anticipate that a 
much larger campaign of exploration and development will be inaugu- 
rated. All the evidence available, and it is significant in amount and 
character, is to the effect that there is an enormous territory contiguous 
to the present caved zone, with a copper content as high, or higher, which 
can be caved and prepared for leaching. Apparently much of this 
region can be so prepared economically; experts differ as to the extent 
to which such operations should be carried. From an engineering point 
of view, it would be desirable to resume a systematic exploration of the 
uncaved regions, for it must remain a speculative problem what the life 
and value of the enterprise may be until a more precise knowledge of the 
nature of the ore has been obtained, as well as the cost of mining, moving, 
and crushing it. 

Life of the Enterprise 

A visit to the Dederich tunnel, now some 590 ft. into the caved zone, 
will show that there is much copper sulfate to be removed. It is every- 
where apparent that the oxidation of sulfides is continuously in progress, 
for the temperature is uncomfortably high except at the outlet from the 
blower; particularly, it will be evident that no leaching has been effected 
in the part of the caved zone now accessible. Attempts to outline, in 
diagram, the probable paths of water already applied on the surface but 
add to the conviction that only a restricted portion of the caved zone has 
been leached and that the greater part is yet to be so treated. It is 
evident that the recovery of the copper is to be a gradual process through- 
out many years. If we accept an estimate of 34,000,000 tons of ore in 
the caved zone and make a conservative estimate of the average content 
of copper that may economically be removed by leaching, say 0.3 per 
cent., and that during the period of removal there will be an average 
production, annuaUy, of 10,000,000 lb., the life of the operation will be 
20 years. 
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Norden and Crane^® have estimated the caved zone to contain 251,- 
218,248 lb. of copper, of which 136,107,463 lb. can be recovered by leach- 
ing, Examination of the details of their estimate in the light of our 
present experience inclines us to the opinion that these engineers were 
ultra-conservative. They further estimate ^'proved'' territory adjacent 
to the present caved zone to contain 322,427,696 lb. of which 214,414,418 
lb. can be recovered by leaching, although expressing doubt of the eco- 
nomic feasibility of recovering part of this estimated poundage. To 
resolve these doubts, further exploration work is necessary. In addition, 
there is a much larger territory of unproved rock, some of which undoubt- 
edly contains sufficient copper to justify leaching, but it is pure specu- 
lation at this writing to state quantities. From an engineering point of 
view, the prospects amply justify an early and systematic exploration of 
the possible reserves and preparation of new territory for leaching. Other 
considerations must have their weight. The rapid development of large 
sources of copper in South America and Africa will undoubtedly have a 
marked effect on the market, probably in the direction of lower selling 
values, at least until the world market has been stabilized, and the selling 
price must be a factor in determining what can reasonably be expended 
in preparing new leaching territory. Fortunately the proved operating 
expenses, together with the economies in sight, assure a continued pro- 
duction by the Ohio Copper Co. against any probable competition and 
for a period to be measured in decades. 

DISCUSSION 

T. B. Brighton, Salt Lake City, Utah. — There are near Lark 
6,000,000 or 7,000,000 tons of tailings from the Ohio Copper concentra- 
tors. These tailings contain an average of about 0.4 per cent, copper, 
partly in an oxidized form. Since leaching of waste rock in the old stopes 
and fills has proved profitable, the question has been raised as to whether 
or not a leaching treatment of the tailings would pay. The material 
in the old ponds is striated and there are lenses of slimes, which are not 
easily permeable to water, so that any leaching in place in quantity is 
out of the question. When these claylike slimes are broken up and 
mixed with the sand tailings, water percolates through the mass 
quite readily. 

At the University of Utah, we have made a few tests to see what 
recoveries of copper might be expected if the tailings were broken up 
and leached. The total copper present averages about 8 lb. per ton, 
but only part of it is water soluble. Long percolation with distilled 
water dissolves only about 1.5 lb. per ton and a short stirring with three 


^•Private communications; valuation report, January, 1924. 
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parts water to one part tailings causes only about 0.7 lb. per ton 
to dissolve. 

The only water now available for leaching is that from the precipitat- 
ing tanks of the company. This flows from the Mascotte tunnel and is 
distinctly acid in character. Tests made with dilute sulfuric acid, made 
up 2 lb. of acid per ton of water, showed that approximately 2.7 lb. could 
be dissolved in 1 to 3 pulp by short stirring. Under the same conditions, 
the water from the precipitating boxes dissolves 2.8 lb. per ton. Some 
of this is held up by the water that will not drain from the tailings, so 
that only about 2.5 lb. can be obtained in the solution for recovery. 
Repeated percolation over several hours with fresh precipitation box 
water removes almost half of the total copper present, but not more 
than the above 2.5 lb. would be in solutions of such concentrations 
that it could be recovered at a profit by precipitation. 

Whether or not the recovery of 2.5 lb. of copper per ton of tailings 
will pay will depend on the cost of breaking up the bedded material, 
moving, leaching and dewatering it, and then precipitating the copper. 
Simple agitation with water does not produce a solution that settles 
clear quickly so either some type of filtration would be needed or settlers 
of considerable extent. 

A considerable part of the iron in solution is in the ferric state so that 
precipitation costs on detinned scrap would be above normal. While 
careful analysis of costs might show a possible profit, the margin, if any, 
is extremely small. To us, it appears that under present conditions, 
leaching of the tailings would not prove a profitable undertaking. 

In many places on the tailings beds a considerable part of the soluble 
copper has been carried, by the capillary rise of water, to near the surface. 
In some spots, the surface is distinctly blue; from such places copper 
salts are being steadily removed by wind action. So the recoverable 
copper present in the beds depends on the rate of oxidation of the sulfides 
and the rate of removal of copper salts by capillary rise and subsequent 
wind action. Given suflEicient time, natural processes will remove a 
large part of the copper originally present and, when removal is pro- 
ceeding more rapidly than oxidation of new sulfides, the possible value 
of the old deposits will drop. So unless copper prices increase or handling 
methods considerably improve, the tailings ponds are likely to 
remain undisturbed. 

H. C. Goodrich, Salt Lake City, Utah. — Is there any difference in 
the amount of iron consumed and copper recovered in these various 
sections; that is, the first 640 ft. and the second 640 ft.? 

A. E. Anderson. — Daily analyses are made of the solutions leaving 
each respective set of sections. The average analyses of these solutions 
for several months indicate that the consumption of iron per pound of 
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copper precipitated is about 1 to 1, showing that the consumption of 
iron throughout the plant is quite uniform and ordinary analytical 
methods do not detect any greater consumption of iron in any particular 
set of sections. 

H. C. Goodbich. — Is there any diflFerence in the cost on the tailing 
and upper ends of the operation? 

A. E. Anderson. — The labor per pound of copper extracted is 
practically the same in each section. The unconsumed iron is separated 
from the copper by washing the precipitated copper through a false 
bottom into a settling chamber, using a hose placed at regular intervals 
throughout the plant. The chief iron-consuming constituents of the 
heading solutions are copper sulfate, ferric sulfate, and some free sulfuric 
acid. As the ferric iron and the free acid are the only compounds that 
would produce a high iron consumption per pound of copper precipitated, 
the lower boxes will contain less of these compounds and consequently 
the consumption of the iron will theoretically be less. As I have stated, the 
average analyses of solutions indicate a very uniform consumption 
of iron throughout the plant. The quantity of ferric iron and acid 
present in the original heading solution is so small that from a practical 
standpoint the errors introduced by sampling etc. more than offset 
this consumption arid, therefore, we have the conditions as given. Of 
course if the ferrous iron were oxidized to ferric during the time the 
solutions were passing through the sections, one would expect to find the 
costs of producing copper to be higher in the lower boxes than in the 
upper but the rate of flow of solutions and the excess quantity of scrap 
iron prevents the oxidation of the ferrous iron and in very few instances 
have we found ferric iron in the tailing solutions. 

T. P. Billings, Salt Lake City, Utah. — If the iron in the solution 
containing the copper were increased would the extraction decrease? 

A. E. Anderson. — The iron in the heading solutions is very constant, 
therefore I can give no data pertaining to this effect. 

T. P. Billings. — We had some experience using solutions from 
two sources and found that the solution low in iron gave recoveries of the 
copper around 99.0 per cent., while the solution high in iron gave very 
low recoveries. I thought that this low recovery was due to the presence 
of the iron. 

F. K. Cameron.— The fact that all the iron must be reduced before 
the copper will precipitate will probably account for the low recoveries 
when using a solution high in iron. The detinned iron added m the 
upper boxes was being consumed by the ferric iron and was not efl[iciently 
precipitating the copper; therefore, to obtain the good recoveries it 
requires more iron which probably, in your case, would mean more 
boxes, and not having them your recoveries were low. 
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Leaching Mixed Copper Ores with Ferric Sulfate; Inspiration 

Copper Co. 

By G. D. Van Arsdalb, Los Angeles, Calie. 

(New York Meeting, February, 1920) 

This paper describes a series of experiments leading to the development of a method 
for leaching the mixed ores of the Inspiration Consolidated Copper Co.^ containing 
chalcocite and silicates of copper ^ by the use of solutions acidified with sulfuric add and 
carrying ferric sulfate. Iron is added to the solutions and ferric iron is regenerated 
eUctrolytically to a percentage high enough to act as an effident solvent. The decreased 
yield is partly compensated for by a higher current density. 

An important problem in modern copper metallurgy, particularly in 
the Southwest, has been to obtain good recoveries from what are commonly 
known as mixed ores; that is ores in which the copper occurs partly as 
oxide and partly as sulfide compounds. The dividing line between mixed 
ores and ores commonly accepted as concentrating is not definite. In 
other words, much ore now being concentrated carries considerable 
copper in non-sulfide form, on which recoveries are not so good as 
on ores carrying less of these constituents. While treatment by 
concentration may be commercially profitable on ores carrying oxide 
copper within certain limits, there are large deposits for which the 
application of concentration could not be considered, and yet which 
have not been considered amenable to leaching because they carried 
too much sulfide. 

The Inspiration Consolidated Copper Co. has large amounts of such 
mixed ores, and this paper is an account of the experimental work 
by which a method was developed for their treatment, and for which a 
large plant is now being erected by the Inspiration Co. It is not claimed 
that the method is a general solution of the problem of mixed-ore treat- 
ment but it is apparently well adapted for leaching the ores of the Inspira- 
tion Co., for which it was designed. The work done has covered 
preliminary laboratory and test-plant investigation, and a pilot-plant run, 
extending from March to the middle of December, 1923. Thoroughly 
consistent and satisfactory results were obtained continuously for more 
than six months in the pilot plant; and it is believed that the results 
and probable costs that can be had on a large scale have been definitely 
proved. The method, however, was designed for local conditions; and 
whSe the basic principles are general, there are ores on which it will not 
work and other ores for which considerable modification may be required. 
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The definite problem submitted was to devise a method for leaching 
large tonnages of ore carrying approximately 1.25 per cent, copper, which 
was known to vary largely in the proportion of sulfide and non-sulfide 
copper. The main sulfide ‘copper mineral in the ore is chalcocite and the 
principal non-sulfide chrysocolla. Other copper minerals may occur in 
small amounts; pyrite also is present but no pyrrhotite. When crushed, 
the ores leach very well by percolation, and the acid consumption is low. 
On a scale of operations of, say, 5000 to 7500 tons a day, it was assumed 
that, in regular working, deliveries of ore could be made carrying total 
copper between the limits of 1 and 1.3 per cent. As, however, no assur- 
ance could be given as to the probable proportion of oxide and sulfide 
copper in ore which could be maintained day by day, the condition had 
to be laid down that any method adopted would have to give reasonably 
good results on any combination of oxide and sulfide within certain limits 
and inside the above total. On this working scale none of the ore is 
expected in quantity to be free from sulfide, and in present Inspiration 
practice an ore of, say, 0.95 per cent, copper as sulfide and 0.25 per cent, 
as oxide is concentrated; so that for the leaching ore the limits in sul- 
fide and oxide percentages become a minimum and maximum of 0.1 
and, say, 0.9 per cent, sulfide and a minimum and maximum of 0.25 
and 1.1 per cent, oxide, provided present concentrating practice is 
followed. While a plant had to be prepared to treat any possible com- 
bination, it was believed that the orebody, as a whole, would have an 
average composition somewhere between, but not at, these limits, as it 
is a mixed orebody and not one on the edge of being a straight oxide 
or straight sulfide. 

These conditions at once eliminated, for this investigation, considera- 
tion of any scheme involving a combination of two methods for the sepa- 
rate recovery of oxide and sulfide respectively. For the problem under 
consideration, the adoption of such a combination method might mean 
good metallurgical yields at the expense of uneconomical copper from 
one or the other of two classes of compounds, in case its percentage in the 
ore was below the point at which the pounds copper recovered would pay 
the cost of the individual operation. 

In the preliminary survey it was recognized that the probability of 
eventual cheap electricity and future increasing fuel cost pointed strongly 
toward electrolytic precipitation. Precipitation with iron, including 
sponge iron, has attractive features, but for a large installation it requires 
both cheap fuel and a cheap source of iron; it also means difliculties in 
the disposal of large amounts of waste liquor and requires comparatively 
large volumes of fresh water per ton of ore. The desirability of a finished 
prqduct also favored electrolysis. Precipitation by SOj, either from 
sulfate or chloride liquors, although doubtless feasible and attractive 
under certain conditions, could in itself be a part of a process for extract- 



60 


LBACHlNa MIXED COPPER ORES WITH FERRIC SULFATE 


ing oxide copper only and was, therefore, not considered by the author 
for this investigation. 

Choice of Solvent Agent 

Chloride liquors as the solvent agent for copper have some advantages 
but many practical objections, so sulfate solutions were adopted. As to 
the actual solution of the copper the oxide portion was not expected to 
offer any difficulty, from previous work by the Inspiration staff. As it 
was decided to devise, if possible, a method for extracting both sulfides 
and oxides together, there remained two alternatives: one, to roast and 
thereby render the sulfides soluble in dilute acid; the other, to devise a 
solvent method for extracting sulfide copper direct without roasting. 
Roasting and leaching are feasible and comparatively simple metallurgi- 
cally, but this method necessitates a high installation cost for furnaces and 
a rather delicate control of the roasting operation, with its cost including 
fuel. It was, therefore, decided to investigate a direct solvent method 
for copper sulfide; ferric sulfate was the only reagent considered for 
this purpose. 

The literature on this subject was not very encouraging as to the use 
and regeneration of ferric sulfate. Its experimental use as a solvent is, 
of course, very old. Its regeneration by air did not appear very promis- 
ing, and regeneration by electrolysis was stated by all authorities to be 
possible, when accompanied by plating out of copper, only in very limited 
percentages; when higher percentages were needed a diaphragm cell was 
said to be indispensable. Nothing but standard apparatus was wanted, 
therefore a diaphragm cell was not to be thought of. Fortunately, it 
was found, notwithstanding these earlier statements, that it was possible 
to regenerate ferric iron electrolytically in concentration sufficient to act 
as an efficient solvent of copper sulfide, and at the same time to obtain a 
reasonable yield, in pounds of copper per kilowatt-hour, in a cell without 
a diaphragm. Another apparent difficulty was the statement, in the 
literature, that for compounds of the formula CU2S only one half of the 
copper was readily soluble, that the remaining half required heat and a long 
time. However true this may be, it was found that a reasonable sulfide 
extraction percentage could be had in not too long a time on ore crushed 
sufficiently fine. These facts, namely that an active and efficient ferric 
sulfate solvent can be regenerated in a non-diaphragm cell by electrolysis 
with a reasonable yield of copper, and that the solvent thus made, under 
proper leaching conditions, will give sufficient sulfide extraction, constitute 
the outstanding features of the method. 

Choice of Anodes 

In the small-scale electrolytic experiments, both graphite and lead 
were vmed as anode materials. The characteristics of graphite are a low 
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voltage, a high anode eflSciency of conversion of ferrous to ferric iron, and 
durability in the presence of suABcient ferrous iron; but to obtain the 
minimum voltages with graphite, it is necessary to use agitation and 
an elevated temperature. Lead anodes gave higher voltages, a lower 
anode efficiency corresponding to less ferric iron made per unit of copper 
plated out, and was durable under the conditions of the tests; with lead, 
agitation and heating were not advantageous. A reasonably high current 
density, say about 15 amp. per sq. ft., was sufficient to counteract, 
to a commercial degree, the solvent action at the cathode by the ferric 
iron produced. 

The solution composition adopted was, of course, influenced by the 
desired leaching action. So far as the electrolysis was concerned, the 
limits within which the various solution constituents could be varied 
were found to be about as follows: Copper as sulfate from 2.5 to 3.5 
per cent. ; total iron from 1.5 to 2.5 per cent. ; ferric iron up to 1.0 per cent, 
or somewhat higher; free acid from 3.5 to, say, a maximum of 7.5 per cent. 
With the minimum or more of copper, that is the amount necessary to 
obtain good reguline copper, no important effect was observed on increas- 
ing this percentage. Reduction of voltage is had by the presence of 
sufficient ferrous iron and no harmful effect on electrolysis is brought 
about by increase of this constituent; ferric iron in considerable amounts 
increases voltage; increasing percentages of free acid reduce voltage. 

With either lead or graphite anodes, the cathode and anode efficiencies 
do not necessarily follow the same curves, and it is possible in several ways 
to establish conditions by which these efficiencies can be varied inde- 
pendently where this effect is desirable. This means that the production 
of ferric iron does not necessarily correspond to the amount of copper 
plated out. There is considerable advantage in being able to vary the 
amount of ferric iron relative to the copper plated out, for in this way 
the ferric-iron balance may be preserved notwithstanding consider- 
able variations in the proportions of oxide and sulfide copper in the ores 
being leached. 

A diaphragm is not needed to obtain reasonable yields in the presence 
of ferric iron, up to about 1 per cent, or even a little more. By a reason- 
able yield is meant a cathode efficiency of, say, not less than 60 per cent, 
and about % lb. copper per kilowatt-hour. Alumina is not harmful; 
and when present in the electrolytie in sufficient amounts has a beneficial 
effect on cathode efficiency in the presence of ferric iron. Up to about 0.5 
per cent, or more of copper can be plated out from solution, and the 
copper is of good physical character and of sufficient purity chemically to 
meet standard specifications. 

Size of Ore 

In the preliminary survey on leaching, it was felt that a system should 
be devised that would involve percolation although leaching by agitation 
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uid counter-eunent washing has attractive features. With a finely 
cmidied ore, the time of contact of the acid solvent, it could be expected, 
would be reduced to a matter of hours with agitation, as against days by 
percolation with probably increased extraction. However, there are 
disadvantages in this method of leaching. Fine crushing costs more per 
ton, and the extra extraction obtainable may not be sufficient to balance 
this extra cost. The amount of fresh water needed per ton of ore is 
much larger and the volume of the various washes much greater than by 
percolation; for in percolation an ore charge can be drained to contain not 
more than from 10 to 15 per cent, moisture, while in agitation of finely 
crushed ore, settling can hardly be done to a less ratio than 1 : 1 of solution 
to ore. This means about ten times the volume of fresh water and of the 
several washes necessary for agitation treatment as compared with perco- 
lation. For a large plant, this large volume of water is an important 
consideration. Also dry crushing to a size fine enough to agitate is not 
an attractive proposition. In addition acid-proof agitators have not 
been built and operated in the large sizes that would be required; while no 
doubt they could be developed, one of the requirements of the method 
sought was that it should require nothing but standard and proved 
apparatus. Therefore, unless the test results showed that agitation had 
to be adopted, it was not considered desirable for the problem 
under consideration. 

The tentative conclusions, made as a result of laboratory-scale leaching 
tests on representative ore, were as follows: All forms of oxide copper 
present in the ore were readily and completely soluble in the solutions 
used. Copper in the sulfide form present (chalcocite) gave 80 to 85 
per cent, extraction when treated warm (about 125° F.) with the solutions 
used and about 75 per cent, extraction to the same solutions cold, under 
parallel conditions. The degree of crushing was of little importance, with 
regard to oxide extraction, but was of primary importance in respect 
to sulfide extraction; that is, it was proved necessary to reduce the ore 
to a given fineness to obtain satisfactory sulfide extraction in a reasonable 
time with either warm or cold solutions. The reason for this was not only 
the different chemical reactions but also the quite different way in which 
the two minerals occur in the ore. The copper silicate is usually along 
fracture planes etc. of appreciable size and thus is much more accessible 
to the action of the sdutions than the chalcocite; this was afterwards 
demonstrated by microscopic examination of ore leached on a large scale. 
It was also shown that below a percentage of, say, about 0.4 per cent. 
Fe'", the solvent action of ferric iron becomes feeble; while at 0.76 to 
1 per cent, or above, ferric iron is an active solvent. Therefore, while it 
was theoretically possible and desirable, from the electrolytic standpoint, 
to obtain a complete reduction of ferric iron during the leaching, practically 
the minimum ferric iron in the solution from the ore would be about 0.5 per 
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cent, and preferably higher; and from the leaching standpoint the higher 
the better. The Inspiration ore is markedly different from that of the 
New Cornelia Co. in that the amount of iron dissolved per cycle is small; 
it is, in fact, less than the amount that would normally be carried from 
the system by the last wash waters when leaching with a solution carrying 
about 2.5 per cent, total iron. This means that no discard is necessary 
to prevent accumulation of iron; also that it is possible to standardize the 
solutions at any given percentage of total iron, provided losses of iron are 
made up. 

These tentative conclusions were thoroughly investigated in a small 
test plant, when the results apparently showed that tailings containing 
not more than about 0.2 per cent, copper could be expected. A tentative 
flow sheet was then adopted and recommendations made for a large-scale 
test in a pilot plant. No substantial changes were made in this flow sheet 
as the result of the larger scale work, and the average recovery made in 
the pilot plant checked closely that predicted from the small-scale work. 

Pilot-plant Operations and Results 

The Inspiration company had a well-designed and very flexible pilot 
test plant and a competent staff experienced in leaching and electrolytic 
work, so it was decided to have further work done in the pilot plant, under 
the charge of the local staff, with the author as consultant. A few minor 
changes only were needed to adapt the pilot plant for the new 
method, and after these were made operations were started about March 
1, 1923. 

The first month was spent leaching high-grade ore for the purpose of 
making up the solutions. For about a month or six weeks afterwards, 
ore furnished by the mine carried higher percentages of sulfide than 
would be expected in regular operations on a large scale. During this 
period, also, conditions were not adjusted to furnish sufficiently strong 
ferric iron for leaching. When this was accomplished, decided improve- 
ment was shown. A little later, beginning about May 1, ore more nearly 
representative in grade and sulfide percentage was furnished and results 
were satisfactory. During July, seven lots were crushed finer, with the 
idea of possibly bettering the sulfide extraction, and later some tests 
were made on shortening the leaching cycle. Following this, uniform 
operating conditions were established, as nearly as possible, and opera- 
tion was continued for a sufficient time to make as sure as possible on this 
scale of all factors. Altogether, about six months of consistent and satis- 
factory results were had, which was considered a sufficient demonstration 
of the method. 

The details of the leaching operations and results for these periods, 
with some comments on the results as obtained, are as follows: 
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Series 1 

Preliminary period for solution make-up. 

Conditions — finely crushed high-oxide ore. 

Average analysis of ore: Total copper, 2.16 per cent.; soluble copper, 1.94 per cent.; 
sulfide copper, 0.22 per cent. 


Lot No. 

Heads 

_ — 1 

Tails 

1 

Extraction 

Total 

Cop- 

per, 

Per 

Cent. 

Sol- 

uble 

Cop- 

per, 

Per 

Cent. 

Sulfide 

Cop- 

Cent. 

Total 

Cop- 

per, 

Per 

Cent. 

Sol- 

uble 

Cop- 

per, 

Per 

Cent. 

Sulfide 

Cop- 

Cent. 

HjO 

Sol- 

uble 

Cop- 

Cent. 

Total, 

Per 

Cent. 

Sol- 

uble, 

Per 

Cent. 

Sulfide, 

Per 

Cent. 

1 

2.20 

2.07 

0.13 

0.40 

0.30 

0.10 

0.16 

81.8 

85.5 

23.1 

2 

2.44 

2.28 

0.16 

0.46 

0.36 

0.10 

0.12 

81.2 

84.3 

37.5 

3 

3.44 

3.34 

0.10 

' 1.49 

1.39 

0.10 

0.14 

56.7 

58.4 


4 

3.0 

2.87 

0.13 

1.93 

1.83 

0.10 

0.32 

35.7 

36.3 

23.1 

5 

2.87 

2.72 

0.15 

2.08 

1.97 

0.11 

0.35 

27.5 

27.6 

26.6 

6 

1.80 

1.23 

0.57 

1.22 

0.72 

0.50 

0.24 

32.2 

41.5 

12.3 

7 

1.84 

1.23 

0.61 

1.80 

1.20 

0.60 

! 0.24 




8 

1.46 

1.22 

0.24 

0.69 

0.45 

0.24 

0.10 

52.7 

1 63.1 


9 

1.30 

1.21 

0.09 

0.50 

0.43 

0.07 

0.09 

61.5 

64.4 

22.2 

10 

1.30 

1.25 

0.08 

0.50 

0.46 

0.04 

0.08 

62.4 

63.1 

50.0 

Average 

2.16 

1.94 

0.22 

1.10 

0.91 

0.19 

0.18 

49.1 

52.4 

19.4 


The results of this first series were very poor, and unexplainedly so. 
The leaching agent during most of the time was sulfuric acid, containing 
copper sulfate and ferrous sulfate, with but little ferric iron until the 
electrolysis was started; therefore little, if any, sulfide extraction was 
to be expected but the oxide extraction also was low. The first lot out 
was reasonably good, but from this time up to lot 7 extractions were 
increasingly bad; lot 7 gave practically no extraction. It is difficult to 
see how an ore carrying oxide copper could have been exposed to the 
action of an acid leach for ten days and no copper be removed. It may 
be possible that some unobserved leaching condition, possibly due to 
a green crew, was responsible for these figures. The ore was finely 
crushed and channeling occurred, resulting in poor percolation and 
washing, but the conditions were uniform, so far as the author is aware, 
in the several tanks and should not therefore have shown uniformly 
decreasing extraction to such a degree. Precipitation of iron salts, carry- 
ing some copper, was observed on the ore in some places in the tanks, 
probably due to insufficient acidity, but this could hardly have been in 
sufficient amount to account for the results. 

Lot 8 was the first to have a complete treatment with electrolyte, and 
some improvement was noted. It was decided at this time to try coarser 
crushing, so a 3-mesh screen was installed and the ore crushed through 
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this size. The acid strength also was raised high enough to prevent 
precipitation of basic compounds from solution onto the ore. The 
following results were obtained on this series: 

Series 2 

High-grade mixed ore. 

Conditions — low ferric iron, 3-mesh crushing. 

Average analysis of ore: Total copper, 1.81 per cent.; soluble copper, 0.82 per cent. ; 
sulhde copper, 0.99 per cent. 


Lot No. 

Heads 

Tails 

Extraction 

Total 
Cop- 
per, Per 
Cent. • 

1 

1 

Sol- 
uble 
Cop- 
per, Per 
Cent. 

Sulfide 
Cop- 
per, Per 
Cent. 

Total 
Cop- 
per, Per 
Cent. 

Sol- 
uble 
Cop- 
per, Per 
Cent. 

Sulfide 
Cop- 
per, Per 
Cent. 

H,0 

Soluble 

Cop- 

Cent. 

Total, 

Per 

Cent. 

Sol- 

uble, 

Per 

Cent. 

Sulfide, 

Per 

Cent. 

11 

1.58 

0.87 

0.71 

0.58 

1 

0.13 

0.45 

0.08 

63.3 

85.1 

33.6 

12 

1.11 

0.79 

0.32 

0.20 

0.04 

0.16 

0.02 

82.0 

95.0 

50.0 

13 

1.15 

0.90 

0.25 

0.31 

0.17 

0.14 

0.05 

73.0 

81.1 

44.0 

14 

1.83 

0.91 

0.92 

0.81 

0.18 ; 

0.63 

0.03 

56.3 

80.2 

31.5 

15 

2.06 

0.93 

1.13 

1.18 

0.34 i 

0.84 

0.08 

42.7 

63.4 

25.7 

16 

2.21 

0.79 

1.42 

0.72 

0.08 I 

0.64 

0.03 

67.5 

89.9 

54.9 

17 

2.22 

0.92 

1.30 

0.99 

0.16 : 

0.83 

0.03 

55.4 

82.6 

36.2 

18 

2.08 

0.61 

1.47 

0.99 

0.07 i 

0.92 

0.02 

52.4 

88.5 

37.4 

19 

2.01 

0.92 

1.19 

0.97 

0.16 

0.81 

0.04 

51.8 

80.5 

31.9 

20 

1.57 

0.77 

0.88 

0.49 

0.04 

0.45 

0.02 

68.8 

94.8 

43.8 

21 

1.88 

0.94 

0.94 

1 0.65 

0.17 ! 

1 0.48 

0.05 

65.4 

81.9 

48.9 

22 

1.65 

0.77 

0.88 

1 0.77 

0.16 

0.61 

0.06 

53.3 

79.2 

30.7 

23 

2.22 

0,76 

1.26 

1 0.80 

1 

0.14 

1 

0.66 

0.07 

64.0 

85.4 

47.6 

Average 

1.81 

0.82 

0.99 

0.72 

0.14 

0.58 

0.04 

61.2 

83.6 

39.7 


The results during this period were improved, but were far from 
satisfactory. The soluble copper extraction was fairly good and the size 
of the ore, as now crushed, gave good percolation and fairly good washing. 
The average percentage of sulfide extraction, and consequently the total 
extraction were still very low, although occasionally fairly good sulfide 
extractions were obtained. Toward the end of this series, it was found 
that through a misunderstanding, the wash waters, which were regularly 
advanced, were being added to the solution for leaching, instead of to the 
solutions for electrolysis, where they obviously belonged. When this 
procedure was changed, the increased ferric iron in the leach liquor at once 
gave improved leaching extraction from the sulfides. Also, at this time, 
the ferric iron in the solution from the tank house was allowed to increase, 
this change, as could be expected, gave improved sulfide extractions. 
These improved results became increasingly apparent at the beginning of 
the next series, the results from which were as follows: 

VOL. ucxm. — 6. 
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Series 3 


High-grade mixed ore. 

Conditions — High ferric iron. 

Average analysis of ore: Total copper, 1.82 per cent. ; soluble copper, 0.61 per cent. ; 
sulfide copper, 1.21 per cent. 



Heads 

Tails 

Extraction 

Lot. No. 

Total 

Cop- 

Cent. 

Sol- 

uble 

Cop- 

Cent. 

Sulfide 

Cop- 

Cent. 

Total 

Cop- 

per, 

Per 

Cent. 

Sol- 

uble 

Cop- 

per, 

Per 

Cent. 

Sulfide 

Cop- 

K 

Cent. 

HtO 

Sol- 

uble, 

Per 

Cent. 

Total, 

Per 

Cent. 

Sol- 

uble, 

Per 

Cent. 

Sul- 

fide, 

Per 

Cent. 

24 

2.17 

0.33 

1.34 

0.65 

0.10 

0.55 

0 08 

70.1 

87.9 

58.9 

25 

2.16 

0.89 

1.27 

0.67 

0.10 

0.57 

0.06 

69.0 

88.8 

55.1 

26 

1.67 

0.52 

1 15 

0.43 

0.05 

0.38 

0.04 

74.3 

90.4 

56.9 

27 

1.70 

0.61 

1.09 

0.47 

0.03 

0.44 

0.02 

72.4 

95.1 

59.6 

28 

1.72 

0.75 

0.97 

0.57 

0.12 

0.45 

0.09 

66.9 

84.0 

53.6 

29 

1.51 

0.59 

0.92 

0.66 

0.21 

0.45 

0.12 

56.3 

64.4 

51 1 

Average 

1.82 

0.61 

1.21 

0.57 

0.12 

0.47 

0 06 

68.1 

85.1 

57.5 


The results from this series were quite encouraging. The oxide 
extraction was fairly good, although the washing efficiency had gone back 
somewhat, compared with the last series. The average sulfide extrac- 
tion, however, was decidedly improved. 

While the improvement was noted and while the feed was still high in 
total and sulfide copper, not much enthusiasm could be expected over 
tailings averaging 0.57 per cent, total copper. The method and flow sheet 
had been designed for an orebody averaging about 1.25 per cent, total 
copper, and some modification, for which experimental data were not at 
hand, would have to be made to leach efficiently ore with much higher 
sulfide than planned. As most of the lots received had not been repre- 
sentative, arrangements were made to hold the ore deliveries to the test 
plant as closely as possible to the general average of the ore as a whole, 
although on account of the uncertainty as to the probable percentage of 
oxides, no restrictions were imposed as to the relative amounts of sulfides 
and oxides. In either a small or large way it is difficult to mine ore 
conforming to any restrictions. For the purposes of the tests, it was 
necessary to draw oxide and sulfide from separate locations and mix 
these to the required grade of total copper before delivery to the test plant, 
and credit and thanks are due to the mining department for the trouble it 
took to secure representative ore for these tests in the midst of, and 
interfering with its normal operations. The following results were 
obtained from the next series of tests: 
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Seriss 4 

Representative ore. 

Conditions — high ferric iron, total leaching cycle 14 days. 

Average analysis of ore: Total copper, 1.38 per cent. ; soluble copper, 0.82 per cent. ; 
sulfide copper, 0.55 per cent. 



Heads 

Tails 

Extraction 

Lot No. 

Total 

Cop- 

Cent. 

Sol- 

uble 

Cop- 

per, 

Per 

Cent. 

Sulfide 

Cop- 

r / r - 

Cent. 

Total 

Cop- 

Cent. 

Sol- 

uble, 

Cop- 

per. 

Per 

Cent. 

Sulfide 

Cop- 

Cent. 

HiO 

Sol- 

uble 

Cop- 

Cent. 

Total, 

Per 

Cent. 

Sol- 

uble, 

Per 

Cent. 

Sul- 

fide, 

Per 

Cent. 

30 

1.13 

0.69 

0.44 

0.24 

0.08 

0.16 

0.07 

78.8 

88.4 

63.7 

31 

1.31 

0.75 

0.56 

0.28 

0.07 

0.21 

0.05 

78.7 

90.7 

62.5 

32 

1.74 

0.84 

0.90 

0.30 

0.07 

0.23 

0.06 

82.8 

91.7 

74.5 

33 

1.21 

0.61 

0.60 

0.25 

0.03 

0.22 

0.03 

72.3 

95.1 

63.3 

34 

1.39 

0.77 

0.62 

0.27 

0.05 

0.22 

0.05 

80.6 

93.5 

64.5 

35 

1.19 

0.64 

0.55 

0.24 

0.05 

0.21 

0.04 

79 8 

92.2 

61.8 

36* 

1.54 

0.79 

0 75 

0.58 

0.22 

0.36 

0.09 

62.3 

72.2 

52.0 

37 

1.34 

0.67 

0.67 

0.40 

0.04 

0.36 

0.04 

70.1 

94.0 

46.3 

38 

1.48 

0.78 

0.70 

0.24 

0.02 

0.22 

0.02 

83.8 

97.5 

68.6 

39 

1.21 

0.71 

0.50 

0.25 

0.01 

0.24 

0.01 

79.3 

98.6 

52.0 

40 

1.22 

0.69 

0.53 

0.09 

0.01 

0.08 

0.01 

92.6 

98.6 

84.0 

41 

1.16 

0.74 

0.42 

0.15 

0.05 

0.10 

0.05 

87.1 

93 2 

76.2 

42 

1.12 

0.75 

0.37 

0.11 

0.01 

0.10 

0.01 

90.2 

98.7 

73.6 

43® 

1.17 

0.62 

0.55 

0.53 

0.17 

0.31 

0.05 

54.7 

72.5 

43.6 

44 

1.16 

0.67 

0.49 

0.14 

0.02 

0.12 

0.02 

87.9 

97.0 

75.5 

45 

1.29 

0.65 

0.64 

0.17 

0.01 

0.16 

0.01 

86.0 

98.4 

71.8 

46 

1.21 

0.89 

0,32 

0.17 

0.02 

0.15 

0.02 

85.9 

97.7 

53.1 

47 

1.19 

0.90 

0.29 

0.11 

0.01 

0.10 

0.01 

90.7 

98.8 

65.5 

48 

1.23 

0.98 

0.25 

0.13 

0.02 

0.11 

0.01 

89.4 

97.9 

56.0 

49 

1.15 

0.97 

0.18 

0.11 

0.02 

0.09 

0.02 

90.4 

97.9 

50.0 

50® 

1.35 

1.04 

0.31 

0.22 

0.09 

0.13 

0.03 

83.7 

91.4 

58.1 

51 

1.48 

1.13 

0.35 

0.11 

1 0.02 

0.09 

0.02 

92.6 

98.3 

74.3 

52 

1.57 

0.98 

0.58 1 

1 0.15 

0.01 

0.14 

0.01 

90.7 

99.0 

76.6 

53 

1.55 

0.99 

0,56 

0.24 

0.01 

0.23 

0.01 

84 5 

99.0 

59.0 

54 

1.42 

0.84 

0.58 

0.16 

0.01 

0.15 

0.01 

88.9 

98.9 

74.2 

55 

1.64 

0.96 

0,68 

0.20 

Tr 

0.20 

Tr. 

87,8 

99.9 

70.2 

56 

1.77 

0.99 

0.78 

0.77 

0.01 

0.26 

0.01 

84.7 

99.0 

66.7 

57® 

1.68 

1,01 

0.67 

0.41 

0.12 

0.29 

0.07 

75.6 

88.1 

56.7 

58 

1.79 

1.06 

0.73 

0.20 

0.01 

0.19 

0.01 

88.9 

99.1 

74.0 

59 

1.47 

0.85 

0.62 

0.14 


0.14 


90.4 

99.9 

77.0 

60 

1.73 

0.96 

0.77 

0.17 


0.17 

.... 

90.1 

99.9 

78.0 

61 

1.56 

0.94 

0.62 

0.16 


0.16 


89.7 

99.9 

74.0 

Average 

1.38 

0.83 

0.55 

0.19 

0.03 

0.16 

0.02 

85.5 

96.8 

67.3 








® Omitted from averages on account of trouble with No. 1 leaching tank. 


The average results from this series were entirely satisfactory, the 
average tailings showing 0.19 per cent, total copper, 0«03 per cent, soluble 
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ooppOT, 0.17 per cent, sulfide copper, and 0.02 per cent, water soluble 
copper, from a feed averaging 1.38 per cent, total copper. The extraction 
of the soluble copper was high, a number of lots showing over 99 per cent., 
a result somewhat higher than that had in previous work on similar ore 
with acid leaching. 

The washing eflSciency in this series averaged very well; in some cases 
a nearly complete removal of the dissolved copper was obtained. This 
was probably due largely to a washing system applied during most 
of the runs of this series. This method had been tested in previous work 
by the company, without arriving at definite conclusions, but as it had 
several possible advantages for the new leaching method, a decision was 
made to test it further. The fourth series had used the ordinary washing 
methods, and about eight washes of unit volume each had left in the 
tailings from % to l}i lb. or more or recoverable copper. Since using the 
new method, it was demonstrated that less than lb. dissolved copper 
left in the tailings is easily possible. The method, called a circulating 
wash, is simple; it consists in first applying the usual regular unit volume 
washes, which are advanced in the usual manner. After applying these 
and draining, an additional wash is put on, taken off, passed through a 
scrap-iron launder or other cementation device, and again circulated 
through the ore and the launder, until satisfactory dissolved copper extrac- 
tion is had, which can be taken to be somewhat above the point at which 
the copper recovered balances the pumping and other washing costs. As 
these are low, a high soluble recovery is possible by the method without 
tbs' necessity, as in the ordinary system, of canying too large a number 
of stock washes with consequent large storage capacity. This special 
wash may be applied after any particular number of regular washes, 
which are advanced into the system, therefore the total amount of copper 
produced as cement need not be any considerable percentage of the total 
production. Any cement copper produced can, of course, be dissolved in 
the main leach liquor and finally appear as cathodes. The method has 
the advantage also, for this particular leaching process, of forming a stock 
of dissolved iron from which any required amount may be drawn for the 
purpose of making up main solution losses in this element. In this way 
the main solution can be kept at any desired percentage of total iron, 
which is desirable in respect to the control of ferric-iron balance. 



J}. VAN ABSDALE 69 

A few lots were crushed to pass a opening, instead of the 3-mesh, 
and the following results were obtained: 

Series 5 

Representative ore. 

Conditions — Same as series 4, with finer crushing. 

Average analysis of ore: Total copper, 1.46 per cent. ; soluble copper, 0.85 per cent.; 
sulfide copper, 0.61 per cent. 


Lot 

Heads 

Tails 

Extraction 

Total 

Cop- 

Cent. 

Sol- 

uble, 

Cop- 

Cent. 

Sulfide 

Cop- 

Cent. 

Total 

Cop- 

Cent. 

Sol- 

uble 

Cop- 

Cent. 

Sulfide 

Cop- 

Cent. 

H*0 

Sol- 

uble 

Cop- 

Cent. 

Total, 

Per 

Cent. 

Sol- 

uble, 

Per 

Cent. 

Sul- 

fide, 

Per 

Cent. 

61 

1.54 

0.94 

0,62 

0.16 

tr. 

0.16 

tr. 

89.8 

99.9 

74.2 

62 

1.82 

1.11 

0.71 

0.24 

0.01 

0.23 

0.01 

86.9 

99.2 

67.6 

63 

1.33 

0.89 

0.44 

0.16 10.03 

0.13 

0.03 

88.0 

96.7 

70.5 

64 

1.39 

0.91 

0.48 

0.18 0.01 

0.17 

0.01 

87.1 

98.9 

64.6 

65 

1.55 

0.90 

0.65 

0.09 

tr. 

[0.09 

tr. 

94.2 

99.9 

86.2 

66 

1.41 

0.74 

0.67 

0.16 

tr. 

0.16 

tr. 

88.7 

99.9 

76.1 

67 

1.27 

0.65 

0.62 

0.14 

tr. 

0.14 

tr. 

89.0 

99.9 

77.5 

68 

1.38 

0.71 

0.67 

0.15 

tr. 

0.15 

tr. 

89.1 

99.9 

77.6 

Average 

1.46 

0.85 

0.61 

0.16 

0.006 

1 

0.154 

0.006 

89.1 

99.3 

74.3 


The average results from this series, although including the high 
record for sulfide and total extraction, were nearly the same as the 
averages for the series preceding and following; the conclusion was 
therefore reached that, for the ore as furnished, crushing to finer than 
3-mesh was not necessary. This conclusion seems warranted from 
the results of this series, but it is at variance with some data from 
screen analyses. 

Table 1 shows the leaching averages covering the entire period of the 
test-up to the shutdown in December. 

During September, the policy was adopted of drawing lots of ore from 
various parts of the orebody, with no restrictions as to grade or propor- 
tion of oxide and sulfide. This was, of course, desirable from the point 
of view of sampling the deposit; but resulted in an erratic feed and it is 
surprising that under these difficult conditions good results were obtained. 
For any metallur^cal method, a regular and uniform feed is an important 
factor in securing good results, and this months' work may be considered 
to have demonstrated the flexibility of the method in this respect. With 
a uniform supply of any of the different grades and kinds of ores treated, 
it is quite likely that somewhat better results could have been had. 
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Table 1. — Extraction DaUiy 1923 



Feed, Per Cent. Copper 

Tailing, Per Cent. Copper 

Extraction, Per Cent. 

1 

Total 

Soluble 

Sulfide 

Total 

Soluble 

Sulfide 

Water 

Soluble 

ToUl 

Soluble 

Sulfide 

J«n 

Feb 

March . . . 

2.030 

1.750 

0.280 

0.990 

0.770 

0 220 

0.160 

60.90 

56.00 

21.50 

Ajyril 

1.906 

0.811 

1.094 

0.727 

0.130 

0.697 

0.045 

61.90 

83.97 

45.40 

May 

1.340 

0.710 

0.630 

0.322 

0.079 

0 243 

0.060 

76.00 

88.87 

61.40 

June 

1.430 

0.940 

0.490 

0.184 

0.024 

0 160 

0.016 

87.13 

97.45 

67.85 

Average 

1.663 

1.012 

0 641 

0.530 

0.221 

0.309 

0 063 

67.90 

78.20 

51.80 

July 

1.424 

0.830 

0.594 

0.150 

0 004 

0 146 

0.004 

89.42 

99.52 

75.32 

August 

1.336 

0.468 

0.867 

0 248 

0 226 

0.022 

0.026 

81.40 

94.40 

74.40 

Sept 

1.820 

0.910 

0.910 

0.234 

0.008 

0.226 

0.006 

87.16 

99.12 

75.16 

Oct 

1.306 

0.839 

0.467 

0 181 

0 005 

0.176 

tr. 

81.15 

99 40 

62.30 

Nov 

1.269 

0.652 

0.707 

0.163 

0 009 

0.154 

0 009 

87.05 

98.37 

78.22 

Dec 

1.198 

0.461 

0.737 

0.264 

0 022 

0.242 

j 0.022 

77.96 i 

95.12 

67.23 

Average. . . . 

1.403 

0.692 

0.711 

0.199 

0 012 

0 187 

0.011 

85.80 

98 30 

73.70 

Year average 

1 504 

0.821 

0.683 

0.333 

0.096 

0.237 

0.032 

77.90 

88 30 

65 30 


Table 2 represents monthly average results from the operation of 
the tank-room part of the 35-ton test plant: 


Table 2. — General Tanh-house Data 


Month 

Current 

Density 

Cathode 

Eflf., 

Per Cent. 

Anode 

Eff., 

Per Cent. 

Lb. Cu. 
per Kw.- 
hr., D.C. 

Entering 
Temp., 
Degrees C. 

Departing 
Temp., 
Degrees C. 

Atmos. 
Temp., 
Degrees C. 

Jan 

Feb 

March 

1 

54.2 

47.0 

0.696 

53.8 

43.5 

12.4 

April 


54.3 

82.1 

0.670 

47.7 

44.9 

17.2 

May 

mm 

56 9 

43.2 

0.605 

24.0 

28 0 

25.0 

June 

14.7 

63.6 

38.0 

0.666 

26.0 

30.0 

28.0 

Average 

14.65 

57.2 

51.8 

0.667 

30.1 

35.7 

21.8 

July 

14.8 

64.6 

47.3 

0.698 

29.0 

35.0 

29.0 

Aug 

14.7 

67.5 

70.2 

0.784 

38.0 

•41.0 

26.0 

Sept 

14.5 

66.9 

55.3 

0.750 

28.0 

33.0 

23.0 

Oct 

14.5 

62.7 

34.4 

0.660 

22.0 

32.0 

17.0 

Nov 

16.0 

68.5 

65.4 

0.744 

28.0 

34.0 

11.0 

Dec 

24.6 

68.6 

83.1 

0.559 

43.0 

42.0 

6.0 

Average 

15.28 

65.4 

55.2 

0.715 

30.5 

35.8 

20.2 

Year average 

16.00 

62.1 

53.9 

0.696 

30.4 

35.8 

20.8 
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At the start of operations, the solutions in the tank house during 
electrolysis were agitated by air and heated by steam in a separate tank 
before entering. These two steps are of benefit when graphite anodes are 
used but not with lead, and were discontinued. A numter of changes in 
solution composition, operating conditions, etc. were made before uniform 
conditions were adopted. Generally speaking, there was little difference 
between the tank-room operating conditions during these tests, and those 
of previous work during acid leaching. The main difference in results 
was the lower yield in pounds copper per kilowatt-hour, which averaged 
over the whole work about 0.7 lb. as compared with about 1.1 lb. for the 
electrolytes in which ferric iron was present in only small amounts. 
There appeared to be little difference in the behavior of the lead anodes 
used, their warping, etc. as compared with previous work. The cathodes 
produced were of good physical quality, and little trouble was caused by 
sprouting. It seems probable that an average yield of about 0.7 lb. per 
kw.-hr. can be expected. The cathode efficiency falls off with increasing 
weight. As they grow thicker the cathodes become rougher and expose 
more surface to chemical corrosion, which is probably the reason for the 
observed lessened efficiency. Tests made at higher current densities 
than 15 amp. per sq. ft. did not indicate that the higher current densities 
would be desirable. It does not seem likely that contamination of tank- 
room atmosphere, due to gas from the anodes, will be sufficient to 
cause trouble. 


Description of Pilot Plant 

The plant used for the work described was operated during previous 
large-scale tests by the Inspiration Co. ; for the present work, very little 
change was required. As a matter of fact, there is practically little 
difference in design for a plant operating by this method and one using 
straight acid leaching; it will therefore not be necessary to describe the 
pilot plant in detail. 

The nominal capacity was about 35 tons per day. The ore, after 
fine crushing, was delivered to a storage bin located at the end and above 
the leaching-plant top level. From this bin, the ore was drawn into a 
small car, running on a track along the top of the tanks, into which it was 
discharged from the car through a V-shaped arrangement, which dis- 
tributed it as uniformly as possible. The seven rectangular leaching tanks 
were made of concrete and lined with lead throughout. Pumping and 
circulation arrangements provided for either upward or downward circula- 
tion; also for circulating a part of the total flow through an individual 
tank and advancing the remainder to the next tank. During the leach- 
ing, percolation was upward, with a maximum flow of 0.25 gal. per ton 
per minute. The total leaching cycle was about 14 days;' of this about 
one day each is required for loading and unloading, and about three days 
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washing time, leaving about nine days as acid contact time. After 
washing, the tanks were discharged by hand through a door at the lower 
part of the front side of each tank on to a belt conveyor, from the end of 
which a sample was taken during the unloading. 

In the tank room, except for a short period, lead anodes were used, 
which were taken out and straightened at intervals. Daily weighings of 
the copper plated out were recorded. Tests showed that starting sheets 
could be made from the solutions used, although during the work these 
were supplied through the courtesy of the New Cornelia Co. Arrange- 
ments were made for warming the solutions, which was done for a time 
toward the close of the tests. After a few days experience with cutting 
off of cathodes at the solution level, a solid loop was used, painted at the 
solution level with P & B paint; no cathodes dropped after this was done. 

The circulating wash was passed through a launder filled with scrap 
iron, after which it was pumped back on to the ore or to storage; the 
launder was cleaned up at intervals. Small-scale tests showed the ready 
solubility of the cement copper produced, which, together with the 
cathodes, were shipped to the International smelter. 

Sufficient samples were taken for plant control; on these the standard 
assay methods were used. The accuracy of these and of the control 
was demonstrated by the copper balance made at the close of operations. 


Copper Balance March to December, 1923, Inclusive 


Pound# 

Copper in ore received and treated 152,378 

Electrolytic copper produced, 100 per cent 93,729 

Cement copper produced, 100 per cent 18,145 

Total produced 1 1 1,874 


Copper discarded in tailing 33,809 

Copper inventoiy, reserved for experimental purposes 5,161 


Total accounted for 150,844 

Per cent, of total accounted for 99 


The figures for extra new acid needed during the entire test period 
remained very consistently at close to 20 lb. actual HtSOi per ton of 
ore treated. 

To summarize the results obtained, a diagrammatic flow sheet is 
diown. Fig. 1. This is meant to be illustrative only, and details of 
the large {flant will vary from it. As shown, it consists of the 
following steps: 

1. Coarse cradling to in. 

2. Use crudiii^ to pass 3-mesh. 

3. Cmiv^ring without intermediate storage, to leaching tanks. 
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4. Leaching, consisting of maximum contact of 9 days with acid 
ferric-sulfate leach liquor, applied counter-currently; that is, strongest 
solution to oldest ore, the leaching tanks being in series, and the solution 
taken to tank house after passing through the newest ore. 

5. Washing, taking 3 days, and consisting of application of six washes, 
each of unit volume and advanced after each cycle, the strongest joining 
the copper solution to the tank house, and followed by a circulating wash 
pumped through the ore until sufficient soluble copper is removed. A 
portion equivalent to unit volume of this circulating wash is advanced 
to the sixth wash storage, being replaced by fresh water of the same 
volume, which may be passed over the leached ore, to recover iron as 
needed. 

6. Discharge of tailings, 

7. Electrolysis. 

8. Solution of cement copper from circulating wash in acid solution 
from tank house, bypassed and returned with main solution feed to 
tank house. 
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DISCUSSION 

H. A. Tobelmann, Salt Lake City, Utah (written discussion). — With 
the possible exception of the differences in ferric sulfate reduction and 
current density, the process described is similar to that developed and 
successfully used by the New Cornelia Copper Co., in treating some 
13,000,000 tons of oxidized ore. 

The first of these exceptions, the reduction of the ferric sulfate, is 
due to the difference in the composition of the ore. Ferric sulfate 
in contact with soluble sufides is reduced to ferrous sulfate, doing 
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away with the necessity of sulfur dioxide. While both processes use 
both ferric sulfate and sulfuric acid as the lixiviant, the quantity of 
sulfide present in the average leaching ore at Ajo was not sufficient to 
reduce the ferric sulfate to an appreciable extent and sulfur dioxide was 
necessary. The predominating sulfide at Ajo is chalcopyrite while at 
Inspiration it is chalcocite. 

The oxidized portion of the Ajo orebody contained at all times 
appreciable quantities of sulfide, which increased with depth. That 
this sulfide would affect the percentage extraction was known, and the 
problem arising from its presence was frequently discussed. It was 
known that the lixiviant would quite readily dissolve chalcocite, and 
that it would have but little solvent action on the bomite and practically 
none on the chalcopyrite. From the beginning of operations, including 
the experimental work, the insoluble, oxide and sulfide portions of the 
ore were determined on both the heads and the tailings. The deter- 
mination of the insoluble portion of the copper indicated the percentage 
existing as sulfide because no insoluble oxidized copper minerals were 
present. From a little less than 3 per cent, of the total copper in 1917, 
this insoluble portion increased to nearly 15 per cent, in 1924. The 
results on the yearly composite samples on the heads and tailings for 
1920 are as follows: 


Distribution of Total, Oxide, Sulfide and Soluble Copper in the Heads and 
Tails for Different Mesh, and the Extraction of These Sizes for 1920, 
New Cornelia Copper Co. 

Heads, Percentage Copper (By Difference) 


Mesh 

Per Cent. 

Total 

Oxide 

Sulfide 

Soluble 

Insoluble 

(By 

Difference) 

On 3 

26.6 

1.37 

1.23 

0.14 

1.28 

1 

0 09 

4 

18.6 

1.33 

1.18 

0.15 

1.23 

0 10 

6 

13 

1.39 

1.25 

0.14 

1 30 

0 09 

8 

9.1 

1.46 

0.30 

0.16 

1.34 

0 12 

10 

6.4 

1.55 

1.39 

0.16 

1.43 

0.12 

14 

6.0 

1.62 

1.46 

0.16 

1.49 

0.13 

20 

3.1 

1.76 

1.57 

0.18 

1.62 

0.13 

20 

18.0 

Computed: 

2.06 

1.82 

0.24 

1.83 

0.18 


(1) 100.0 

1.634 

1.368 

0.167 

1.416 

0.118 

1 

Arithmetical 






1 

1 

(2) Average of all assays . 

(3) Assay of composite 

1.525 

1.362 

0.163 

1.396 

0.123 

sample 


1.600 

1.340 

0.160 

1.390 

0.110 
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Tailings, Percentage Copper (By Difference) 


Mesh 

Per Cent. 

Total 

Oxide 

Sulfide 

Soluble 

Insoluble 

(By 

Difference) 

On 3 

25.8 

0.47 ’ 

0.35 

0.12 

0.37 

0.10 

4 

20.1 

0.32 

0.21 

0.10 

0.23 

0.09 

6 

12.6 

0.25 

0.14 

0.11 

0.15 

0.10 

8 

8.7 

0.21 

0.10 

0.10 

0.11 

0.10 

10 

7.2 

0.21 

0.09 

0.12 

0.10 

0.11 

14 

4.8 

0.21 

0.11 

0.10 

0.11 

0.10 

20 

3.8 

0.22 

0.11 

0.11 

0.12 

0.10 

20 

17.1 

0.35 

0.19 

0.16 

0.18 

0.17 

Computed . . . 


0.328 

0.210 

0.122 

0.222 

0.110 

Average 

Computed 

0.320 

0.320 

0.202 

0.210 

0.118 

0.110 

0.218 

0.215 

BBi 


Extractions, Percentage 


Mesh 

Total 

On Oxide 

Copper 

On Sulfide 
Copper 

On Soluble 
Copper 

On3 

65.69 

71.6 


14.3 

71.1 

4 

76.00 

82.2 



16.6 

81.3 

6 

82.03 

88.8 


21.4 

88.5 

8 

85.62 

92.3 


31.3 

91.8 

10 

86.45 

92.8 


25.0 

93.0 

14 

87.04 

92.4 


37.4 

92.6 

20 

87.43 

93.0 


38.8 

92.6 

20 

83.01 

90.2 


29.2 

90.4 

Computed 

Average of all ex- 
tractions 

78.50 

78.44 

84.9 


27.0 

84.3 


Note. — ^The “computed figure” is the assay for the entire sample computed from 
the weight and assay of each size. The “average” is the arithmetical average of all 
assays. The “composite” is average of triplicate assays on a carefully composited 
sample covering the entire year. 

As this matter was of much importance, special efforts were made 
to obtain further data. It was then foimd that the extractions of the 
sulfide portion of the ore on separate charges varied considerably from a 
low of 7 or 8 per cent, on some charges, to nearly 65 per cent, on others. 
Unusual results were checked and it was found that when the extraction 
was low the sulfide portion consisted principally of chalcopyrite; while 
when the extraction was high, the sulfide portion consisted principally 
of chalcocite. To determine to what extent this was so, selected portions 
of ore were crushed and screened to pate 4-me8h, but not 6, tiioroughly 
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mixedi and a portion was cut out and analyzed. The original crushed 
portion was then placed in a perforated sheet-lead box 12 in. square by 
6 in. high and embedded in the tank as it was being charged with ore. 
The box remained therein throughout the leaching and washing cycles, 
the sample going through all the stages of the usual 5200-ton charge. 
When the charge containing the lead box had been drained and excavation 
begun, the box was removed. 

Whenever the mine superintendent noticed an unusual quantity of 
sulfides in the ore, he would advise the laboratory and send a liberal 
sample of the ore for the box-leaching test. In this manner, it was 
possible to show, on a somewhat larger scale, that while chalcocite was 
quite soluble in the lixiviant, chalcopyrite was not. 

Occasionally representative specimens of ore about 2 by 3 in. were 
ground so as to present two smooth faces at right angles to each other. 
Several of these were then placed in the perforated box and buried in a 
charge of ore; on the completion of the leach, they were removed from 
the box, washed and examined. By breaking them at right angles to the 
face, the depth of solution penetration could be approximately measured. 
Specimens containing cuprite, chrysocolla, malachite, chalcopyrite and 
chalcocite were tested in this manner. These specimens also showed 
that the lixiviant acted quite strongly on all but the chalcopyrite speci- 
mens. The solution penetration appeared to be quite uniform for all 
the material that was leached. The distance of penetration would, of 
course, vary according to the time the specimens were exposed to the 
lixiviant and also according to the strength of the latter. In a general 
way this distance of penetration shows the ideal size to which the ore 
should be crushed to get the best results. 

It is interesting to note that the Inspiration Copper Co. will use a 
lixiviant practically identical with that used at Ajo, as follows: 

Inspibation Coppbb Co., New Cobnblia Coppbb 


Peb Cent. Co., Pbb Cent. 

Copper 2.5to3.5 2.0to3.5 

Free acid 3.6to7.5 1.0to2.8 

Ferric sulfate O.Otol.O 0.3tol.5 

Totaliron 1.6to2.5 1.0to2.8 


Had the sulfides in the mixed ore at Ajo been present as chalcocite and 
not chalcopyrite, the mixed-ore problems would have been simple and 
the extraction uniformly high. 

The author draws particular attention to the fact that the quantity 
of iron dissolved per cycle at Inspiration is so small that the discard 
problem will be unimportant compared with that at New Cornelia. 
Discard is not carried on only to get rid of iron, but to get rid of all 
accumulative impurities. At Ajo, these impurities or solventicides (as 
they are termed by Witherell) per ton of ore leached on a normal 8-day 
leaching oyde were: 
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Pounds 


A1,0, 12 

Fe 6 

MgO 2 

CaO 1 


While comparatively little iron is dissolved from the Inspiration ore 
during a normal leaching operation, considerable alumina is dissolved; 
therefore, appreciable discard must be necessary. Due to the simplicity 
of its determination, in Ajo solutions, iron and not alumina, was used as 
an indication of the quantity of impurities present. If no iron had been 
dissolved from the ore at Ajo, the discard would still have been necessary 
as a larger quantity of alumina than iron is added to the solution during 
each leaching cycle. 

It would be interesting to learn the pounds of solventicides present 
per ton of ore leached under standard conditions, not only the quantity 
of iron but the quantities of each of the principal impurities dissolved 
per ton of ore under the conditions at which the plant will operate. 
Only when the solution entrained in the discharged tailings contains 
as much of these solventicides as is dissolved in a like amount of ore 
would there be no discard. 

The author speaks of the peculiar conditions of leaching a charge 
of quite high-grade ore without dissolving the copper; the same conditions 
occurred at Ajo during the early test work. This condition first occurred 
in the 1-ton plant and many weird reasons for it were given. Investiga- 
tion showed that such charges contained one or more segregated areas of 
unleached ore. While the areas around these segregated spots were 
well leached, the outer shell (sometimes 1 in. or more thick) was a deep 
yellow and quite dense and the interior was unle^ched ore saturated with 
copper sulfate solution. These segregations indicated that portions of 
ore had been surrounded by finely-divided, high-grade material and 
when the ferric sulfate in the solution came into contact with it a protec- 
tive coating of hydrated ferric oxide was formed which prevented further 
solution circulation. The condition also occurred on a number of 
occasions in the 5200-ton plant while charging tanks under the old system. 
It is a condition that will not occur with proper charging. 

While the reduction of ferric sulfate with sulfur dioxide has not been 
found necessary by the Inspiration Copper Co., a sulfur dioxide reduction 
installation will prove a most profitable acquisition, for there may be 
times when there will not be sufficient sulfides to reduce completely the 
ferric sulfate and the ampere efficiency will suffer. Acid made by the 
reduction of ferric sulfate with sulfur dioxide will prove considerably 
cheaper than acid obtained in any other way. At Ajo, the sulfuric acid 
was the largest single item of expense and the cost of acid produced in 
the SO 2 towers was less than h^ that of chamber-acid. There is no 
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doubt but that a properly designed and constructed copper leaching 
plant can be successfully operated by the use of tower acid alone. 

The author speaks of the solvent action of the electrolyte on the 
cathode at the solution line and how this trouble was overcome by the 
simple use of P. & B. paints. This trouble was experienced at Ajo to 
such an extent that on one occasion the tank-house foreman reported 
that approximately 80 per cent, of the cathodes had dropped off the 
loops. Many preventatives, including P. & B. paint, were tried but 
the best solution found of the problem was the split loop.^ 

The method of circulating the last wash in closed circuit with a 
precipitation launder is a good plan. This plan also was suggested at 
Ajo, but was not considered by the management. The original report 
on the process to be used at Ajo specifically stated that in case of scarcity 
of water the last wash could be used over again by pumping back the 
waste liquor from the cementing launders. 

It is interesting to note that among other features introduced at 
Inspiration, it is planned to dissolve the cement copper produced from 
the discard solution in the tank-house solution. In June, 1915, this 
plan was recommended as a means of disposing of the cement copper at 
Ajo. It was tried on quite a large scale, found satisfactory, and its use 
recommended for the large plant. I am of the opinion that probably 
over 25,000,000 lbs. of copper have been so treated. To the best of my 
knowledge this was the first time that this simple chemical reaction had 
been adapted to any large-scale commercial process. It was also sug- 
gested at that time that a special arrangement might be designed by means 
of which the cement copper sludge could be continually fed into some 
sort of a diaphragm anode where the freshly-produced ferric sulfate 
could dissolve it; in other words, to devise a method by which this cement 
copper could be used as a soluble anode. 

G. D. Van Arsdale, (written reply to discussion). — I wish to thank 
those who have taken the trouble to write discussions of my paper describ- 
ing the Inspiration ferric sulfate leaching tests. As pointed out by Mr. 
Tobelmann, the method has considerable similarity to that used by the 
New Cornelia Copper Co. and as finished seems obvious enough and 
without particular novelty as to the general principles involved. How- 
ever, where the expenditure of several millions for plant cost is concerned, 
the apparently obvious cannot be accepted without complete and exhaus- 
tive proof, which of course is the reason for the investigation by the 
company not only of this but also of the other possible methods before 
the final decision was made. 

The statements made by Mr. Tobelmann as to the solubilities of 
chalcopyrite and other minerals and the methods used for getting this 

^H. A. Tobelmann and J, A. Potter: First Year of Leaching by the New CJornelia 
Copper Co, Trans. (1919) 60 , 52. U. S. Letters Patent 1269485, June 11, 1918. 
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infonnation in the Ajo practice are interesting. Most samples of chal- 
copyrite I have tested yield at least a part of their copper to ferric sulfatei 
the percentage varying from 40 to about 60. The solubility of different 
chalcopyrites varies and evidently that in the Ajo ore is an insoluble type. 
The average percentage of oxide copper left in the tailings at Ajo is more 
than the average for the Inspiration tests, which can be explained in 
various ways. There is of course no real comparison in view of the 
different ores and conditions. 

It is quite correct to say that ‘'had the sulfide in the mixed ore at Ajo 
been present as chalcocite and not chalcopyrite the mixed ore problem 
would have been simple and the extraction uniformly high,^' and it is 
equally true to say that if we had been unfortunate in having any con- 
siderable amount of chalcopyrite in the Inspiration ores the present 
scheme could not have been used. 

I believe the discard problem will not be a serious matter at Inspir- 
ation. No discard was required during the entire test period, and the 
increase in alumina in the liquors did not indicate much probable trouble 
in this direction. Alumina is not a harmful impurity, does not require 
the same elaborate control as iron, and is even helpful in electrolysis 
since it reduces cathode corrosion to an appreciable extent. 

As Mr. Tobelmann points out, leaching in this way cannot be done 
unless there is enough chalcocite in the ore to take the place of the SO* 
used at Ajo, This appears to be the case at Inspiration, but for possible 
periods of very low sulfide in the ore the expedient of mixing in straight 
sulfide ores which are available would be simpler than going into the 
complication of SO* reduction. From the standpoint of saving in cost 
of acid. Inspiration will use 20 lb. of net new acid only per ton of ore, so 
that the possible saving by making acid by SO* would not be large. 
It is quite true, as Mr. Tobelmann says, that where the acid consumed 
per pound of copper is not too large a plant can be operated without 
acid from the outside if SO* can be used. 

Several other points brought up refer rather more to plant design 
and operation than to metallurgy and as to these the experience of a 
year or so will tell us more than can be said now. 

C. S. WiTHERELL, Ncw York, N. Y. (written discussion). — I note 
that Mr. Tobelmann has honored me by making use of the word "solven- 
ticide^’ coined by me. As can be gathered by the construction of the 
word a solventicide is any substance either present in the ore undergoing 
leaching, or otherwise introduced into the process, that destroys or 
otherwise renders permanently useless some of the solvent agent. It 
has the same meaning in general application to leaching as the word 
"cyanicide^^ has in the cyanide leaching of gold or silver ores, and 
therefore if the word solventicide is adopted there would be no further 
use for the word cyanicide. 
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The destructive effect of a solventicide may be in the nature of either 
chemical decomposition or chemical combination, the compounds formed 
may be either soluble or insoluble; if soluble, steps must be taken to 
prevent excessive accumulation. It is quite possible for the metal 
purposely extracted to act as a solventicide with some solvents (e. g., 
metallic copper with nitric acid). 

Next to percentage of extraction, the subject of solventicides will 
probably be the most important and about the first to be investigated in 
developing a leaching process for a new undertaking; it even has a bearing 
on the question of the proper degree of fineness to which the ore should 
be crushed or ground. Many of the rock-minerals, while apj>earing to 
be practically unattacked by the solvent when the particles are over say 
l}^i in., become perceptibly acted upon when finely ground. 

The rational way of expressing the total amount of all solventicides 
present in any given ore would be in terms of the solvent-agent killed. 

In an electrolytic method of metal recovery wherein the accumulated 
solventicides are eventually disposed of by solution discard, a certain 
amount of still useful solvent agent must accompany that combined 
with the solventicides ; usually this can be expressed by a factor which is 
dep)endent upon the allowable concentration of the solventicides under 
consideration in the electrolyte. 

G. D. Van Arsdale (written reply to discussion). — Mr. Withereirs 
term of “ solventicides is a good substitute for the rather clumsy expres- 
sions we have been using. My only criticism is that it is perhaps too 
general. In our case, for example, we have two active solvent agents, 
acid and ferric iron. Terminology is not of very great importance, but 
I think uniformity in the literature should be aimed at, and specific terms 
used when needed. I am afraid that cyanicide is too well established 
and too descriptive to be given up. 

Perhaps in copper leaching we might consider “antiacid, ” as a specific 
term in addition to Mr. Withereirs proposal; since most of our copper 
leaching is with sulfuric acid, which is not really destroyed or killed. 
If this term was in use we could say, for example: “The antiacids in 
such and such an ore are lime, iron and alumina in addition to copper, 
giving a total antiacidity of 50 lb. of actual H 2 SO 4 per ton, of which 
30 lb., 2 lb,, 8 lb., and 10 lb., are the antiacidities of copper, lime iron 
and alumina, respectively. Pyrrhotite, which is a solventicide for ferric 
iron is not present. Pyrite is neither an antiacid nor a solventicide. 
The antiacidic action of the ore can be reduced 5 lb. per ton by not 
crushing finer than half-inch. The copper sulfide present in the ore is a 
solventicide for ferric iron, which is remade during the electrolysis.^^ 
In other words, I would restrict Mr. Witherell^s useful new expression, 
which has the sense of killing or destroying, to substances which actually 

▼OU LXXIXI. — 6, 
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do that, and propose the term antiaoid for those substanoes which simply 
combine with an acid solvent. 

L. D. Ricketts, Pasadena, Cal. (written discussion). — A brief history 
of the leaching experiments conducted by the Inspiration Consolidated 
Copper Co. prior to the employment of Mr. Van Arsdale may be 
interesting and may reinforce his valuable paper. 

About 8 years ago the Inspiration company constructed a 35-ton test 
plant for leaching oxidized ores and a long series of experiments were 
made. It was found a good recovery of copper could be obtained from 
the thoroughly oxidized ores, but as work progressed it became evident 
that it would be difficult to mine these ores whose oxide content was too 
high to permit them being treated economically in our flotation mill. 

Tests were then undertaken to treat mixed ores, the plan being to 
first leach the ore ground to a maximum size of ^ in. and then to grind 
the tailings from the leaching tanks, after neutralizing with lime water, 
and recovering the sulfide by flotation. By this dual method very high 
recoveries were obtained, but it became evident that the cost of the dual 
treatment was heavy and it was preferable to devise, if possible, a single 
process through which both the sulfide and oxide content of the ore could 
be recovered at one and the same time. 

It was early determined that an excellent grade of electrolytic copper 
could be recovered from the sulfuric acid solutions resulting from the 
treatment of our oxidized ores, and tests were likewise conducted under 
the direction of engineers from the Anaconda Copper Mining Co. in 
conjunction with Inspiration engineers for the precipitation of copper 
with SO 2 gas under conditions of heat and pressure as developed by 
Van Arsdale many years ago. Very satisfactory results were obtained 
from these tests, but in the meantime it became more and more apparent 
that the problem of the mixed ores was very important, and while the 
success of precipitating copper with sulfurous acid gas was recognized, 
it was rejected here because this method prevented the presence of ferric 
sulfate which was known to be a solvent of copper at least. 

At this stage a halt was called in the work of our test plant and Mr. 
Van Arsdale was employed to study the problem of leaching these mixed 
ores with ferric sulfate and sulfuric acid, and of recovering the copper 
electrolytically from solutions containing ferrous sulfate and a very high 
percentage of ferric sulfate, which necessarily had to be regenerated for 
leaching purposes. Mr. Van Arsdale to. expedite matters first undertook 
laboratory tests in leaching Inspiration concentrates, and having obtained 
satisfactory results on this material he directed his efforts to leaching the 
mixed ores direct. He worked out his problem in Los Angeles, first in 
the laboratory, and later with a small experimental leaching plant, and 
it was then, as he states, that the 35-ton plant at Inspiration was again 
started up and I feel that the splendid results obtained redound to the 
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credit of Mr. Van Arsdale, Mr. Aldrich, Mr. Scott and the other 
gentlemen associated with them in the work. 

G, D. Van Absdale (written reply to discussion). — In conclusion, 
I would say th^ while the paper was written under my name as author 
by iiustructions of Dr. Ricketts; as he has pointed out, my part of the 
work was only coordinate with that of the others concerned. Since it 
was “committee” work throughout, the method should properly be 
called the Inspiration process since the results obtained were not 
individual but a result of this policy and the splendid cooperation of all 
engaged in tiie work. 
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Production of Ferric Sulfate and Sulfuric Acid from 
Roaster Gas* 

By G. L. Oldbight, H. E. Keyes, anp F. S. WARTMAN,t Tucson, Ariz. 

(Salt Lake City Meeting, September, 1925) 

The economic manufacture of sulfuric acid by the ordinary chamber 
process usually involves production on a large scale and a plant that is 
costly to construct. The nature of sulfuric acid makes it costly to 
transport any great distance. For these reasons, the metallurgist has 
not found it feasible, at times, to beneficiate ores amenable to leaching, 
and a need exists for a local process that will produce acid cheaply on a 
small or large scale. 

To leach ores containing residual sulfides, an oxidizer, such as ferric 
sulfate, is needed in solution. Precipitation with scrap iron is one of the 
cheapest methods of removing some metals from solution, giving a plant 
of low first cost and supplying a source of cheap ferrous sulfate. The 
other ingredient needed for the process is SO 2 roaster gas, the addition of 
which, as described below, will give both ferric sulfate and sulfuric acid. 
Where roaster gas is a waste or obnoxious product, the expense for 
materials is still further lessened. The use of ferric sulfate and sul- 
furic acid as a solvent lends itself well to the utilization of scrap iron as 
a precipitant, and the stages of the process fit in well together as an 
economic whole. 


Applications 

The hydrometallurgist usually thinks of ferric sulfate as a partial 
solvent for some of the sulfides of copper alone, as most work has been 
done on this metal. The processes of Hannay and Christensen, for leach- 
ing unroasted galena with ferric chloride made by anodic oxidation, show 
the added solvent action given by ‘4c salts when added to brine solu- 
tions. It was found by R. D. Bradford (in some work to be published 
soon by the University of Utah) that, by the addition of a ferric salt to 
a brine solution, the silver as well as the lead in an unroasted semi- 
oxidized ore could be largely dissolved. The “ic^' salt in the case of 
silver has evidently the same effect as the case of cupric sulfate when 


* Published by permission of the Director, U. S. Bureau of Mines, 
t Hydrometallurgist, Associate Metallurgist, and Junior Chemist, respectively, 
Southwest Experiment Station, Bureau of Mines. 
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used with the old Russell ^‘hypo'^ process. Ferric sulfate has also been 
used in leaching ores of zinc and nickel, although the solvent action on 
the sulfides of these metals is probably slow. In many processes, it is 
desired to oxidize ferrous sulfate to facilitate the removal of the iron, 
either before purifying the solution when this is an objectionable impurity, 
or in order that the precipitated ferric hydrate made by rendering the 
solution basic may drag down with it other substances such as com- 
pounds of arsenic or antimony. Where the content of certain impurities 
in the solution is not too great, such oxidation of the iron may be readily 
carried out. 

The advantages of acid ferric sulfate over dilute sulfuric acid as a 
leaching agent for mixed copper ores have long been realized. The fact 
that one company is now engaged in constructing a six million dollar 
leaching and reduction plant involving the use of acid ferric sulfate is 
sufficient evidence that a cheap and efficient method of producing this sol- 
vent should warrant the attention of the hydrometallurgist. Anodic 
oxidation of ferrous sulfate has found favor where the magnitude of 
operations or a cheap source of power justify electrolytic precipitation. 
However, in cases where electrolysis is not feasible, attempts have been 
made to oxidize ferrous sulfate solutions by various means. A note- 
worthy example was the work at Cananea.^ 

‘^The materials treated at Cananea consisted of mill tailing sand and 
of flue dust from the furnaces.” These products are two for which leach- 
ing with cheap ferric sulfate-sulfuric acid is still applicable. The leach- 
ing in place of copper-bearing material, in general, whether in dumps or 
stopes, leaching by percolation in vats, or the leaching of low-grade and 
finely ground material, as outlined by Leaver, ^ are all fields that have 
been contemplated for the process. 

Previous Work on Making Ferric Sulfate 

It is obvious that in the oxidation of neutral ferrous sulfate sulfur 
must be supplied as sulfate radical, otherwise a precipitate of basic ferric 
sulfate will form. A mixture of sulfur dioxide and air, such as is fur- 
nished by the roasting of pyritic ore or the burning of sulfur, furnished 
the necessary constituents for such oxidation. The first work, within the 
knowledge of the authors, in which sulfur dioxide and air were used in 
producing acid ferric sulfate in the United States, was carried out by 
chemists at the Clifton smelter of the Shannon Copper Co. in 1912.® 

^ W. L. Austin: Leaching of Copper Ores. Mines and Methods (Sept., 1910). 

• E. S. Leaver and R. V. Thurston: Ferric Sulphate and Sulphuric Acid from Sul- 
phur Dioxide and Air. Bur. of Mines Report of Investigation, Ser. No. 2666; O. C. 
Ralston: The Ferric Sulphate-Sulphuric Acid Process. Unpublished report of the 
Bureau of Mines. 

• W. A. Sloan and F. W. Rose: Private communications. 
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The object of line work was to develop a process for treating the oxidised 
ores of the Shannon Copper Co. Because of excessive lime in the ore, 
acid leaching was abandoned in favor of sulfating by roasting with pyrite 
followed by a water leach. A typicid experiment carried out by F. W. 
Rose in 1912, at this plant, is given. A solution containing 12.8 gm. per 
liter ferrous sulfate was treated with smelter-stack gas to saturation, 
after which air was blown in slowly until the odor of sulfiir dioxide was not 
perceptible. This procedure was repeated four times and the solution 
assayed for ferric iron; it was found to contmn 1.6 gm. per liter ferrous 
sulfate and 10.7 gm. per liter ferric sulfate. Furthermore, free sulfuric 
acid was found to be present, although an exact determination of acid 
was not made. 

Work by van Bameveld and Leaver,^ and their associates in the 
direct leaching of copper ores wiUi sulfur dioxide showed that sulfuric 
acid could be formed by treating a ferrous sulfate solution with sulfur 
dioxide and air.‘ The various factors governing the reactions involved 
have since been made the subject of an extended investigation.* 

The development of a commercial process for producing dilute sulfuric 
acid is now in progress at the Southwest Experiment Station of the 
Bureau of Mines. It is the purpose of this paper to give a report of recent 
progress in the commercial aspects of the process which have not had 
publicity to date. 

The main end reactions involved may be represented as follows: 

2FeS04 + Oj + SO, = Fe,(S04), (1) 

SO, -I- H,0 + MO, = H,S04. (2) 

The gas, containing about 4 per cent, sulfur dioxide and not less than 
15 per cent, oxygen, is introduced into a ferrous-sulfate solution by 
means of a suitable aerating device. For^best results, the solution should 
contain from 4 to 20 gm. per liter iron. One essential condition for 
efficient operation with a rich gas is the subdivision of the gas into 
bubbles of 1 to 2 mm. diameter. Under proper conditions, reaction (1) 
takes place nearly to completion Mter which the sulfur combines accord- 
ing to reaction (2). Table 1 gives results obtained using a flat wool fabric 
aerator. Pure sulfur dioxide gas was withdrawn from a cylinder and 
mixed with air. 

In Table 1, as well as in subsequent work, the sulfur used in oxidizing 
iron was converted to the equivalent sulfuric acid and thus used in the 
calculations for aeration rate and rate of acid formation. The ferrous 
sulfate used in all this work was a crude crystallized product from the 

^C. E. van Barneveld and £. S. Leaver: Lea4}hing Non-aulfide Copper Ores with 
Sidfur Diozide. Bur. of Mines Ttek. Paper 312. 

* E. a Leaver, U. a Rit. 1477065, 1923. 

* R 8. Leaver and R. V. Thuietcm; O. C. Ralston. Op, eU. 
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Table 1, — Data, Using Aerator of 121 Sq. Cm. Cross Section 
Ferrous iron at start of run <« 5.0 gm. per liter; mixture of pure sulfur dioxide and air 

used 


Run No. 

so*, 

Per Cent. 

Column 

Heicht. 

Cm. 

Hours 

Aerated 

Final 
Addity, 
Gm. per 
Liter 

Aeration 

Rate* 

SO* 

Efficiency 
(for 6 Per 
Cent. Acid) 

191 

6.0 

60 

5H 

50 

2.3 

98.8 

192 

6.0 

60 

2H 

37 

3.7 

90.0 

182 

6.5 

80 

6H 

65 

1.95 

mSm 

185 

5.8 

80 

4 

58 

3.3 

Bll 

186 

5.2 

80 

2K 

53 

4.5 


196 

6.0 

100 

6H 

59 

3.0 


200 

5.0 

100 

6 

63 

3.9 

99.5 

201 

5.0 

100 

4 

50 

4.95 

99.0 

202 

5.0 

100 


57 

6.4 


205 

5.0 

140 

5 

63 

6.0 

96.5 


•Cubic feet free gas per square foot aerator surface per minute. 


scrap-iron discard solution at the leaching plant of the New Cornelia 
Copper Co. 

Production of Acid Ferric Sulfate from Roaster Gas 

After obtaining the foregoing results, the authors gave attention to 
the commercial aspects of the process. Simplicity of operation and low 
production costs consistent with high efficiency of sulfur-dioxide utiliza- 
tion were given first consideration. Regardless of the details of the proc- 
ess adopted, it was considered that the source of sulfur dioxide would 
most likely be pyritic ore roasted in standard equipment of the multiple- 
hearth type, although pure sulfur could be burned in appropriate appa- 
ratus if conditions warranted. A survey of several typical roaster 
installations at copi>er smelters in the Southwest showed the following: 

Furnaces Self>roasting 

Sulfur in heads 

Sulfur in calcine 

Sulfur dioxide in gas 

Oxygen in gas 

Therefore, when utilizing waste roaster gases, or in a new roaster 
installation, a gas containing 4 per cent, sulfur dioxide and 15 per cent, 
oxygen would most likely be produced. 

When considering the metallurgical steps involved in the process, two 
possibilities were apparent. The sulfur dioxide might be absorbed in 
towers through which the solution circulate4 from porous bottom cells. 
Air blown through the porous bottoms should fix the dissolved sulfur 


P*R CbNT. 
. 30.6 
. 11.3 
. 4.0 
. 15.0 
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dioxide and, by continued circulation through towers and fixing cells, 
the desired reactions should be brought about. However, when funda- 
mental principles were considered, this scheme did not appear so attrac- 
tive. The solubility of sulfur dioxide in water is nearly proportional to 
the partial pressure, or percentage sulfur dioxide, in the gas. Also the 
presence of acid or dissolved salts is likely to affect the solubility. Comey^ 
gives the solubility of sulfur dioxide in water as 2.28 gm. per liter at 
50® C., the partial pressure of sulfur dioxide being 30.5 mm. mercury. 
This corresponds to about a 4 per cent, sulfur dioxide gas under Tucson 
conditions and, as 50® C. is approximately the operating temperature, 
this figure may be used as a basis of calculation. Experimental work 
verified Comey’s figure and also showed that increasing concentration of 
sulfuric acid decreased the solubility. A 4 per cent, gas showed 1.6 gm. 
per liter sulfur dioxide soluble in a solution containing 50 gm. per liter 
sulfuric acid at 50® C. The presence of ferrous iron caused erratic results. 
Tentative calculations indicated considerable pumping cost for solution 
circulating through towers. Some advantage might be gained using 
mechanical absorbers,® but it seemed advisable to first investigate the 
second possibility; namely, a method of directly introducing the gas 
into the solution. 

While the details of a commercial process had not been previously 
worked out, there was one point on which the various metallurgists appar- 
ently agreed; namely, that the direct blowing of a dirty gas through a 
porous medium was precluded on account of clogging the interstices. 
No data, however, were at hand to show whether the ordinary dust-col- 
lecting systems would clean the gas sufficiently without wet scrubbing. 
Dry roaster gas may be handled in iron pipes with very little corrosion 
if the temperature is maintained at 200® F. or above. Scrubbing the 
gas with water would necessitate expensive acid-proof construction of 
the scrubber and some conveying equipment, at least. By giving the 
gas only a rough cleaning, as obtainable with settling chambers or 
cyclones, it was estimated that the amount of flue dust carried against 
the surface of the porous aerator would be approximately 0.5 lb. per sq. 
ft. per 24 hr. To test this point experiment^y, flue dust (—200 mesh) 
was mixed with air and blown into an aerator of 121 sq. cm. cross section, 
equipped with ^‘Duro'' cloth fabric. Ordinarily, a pressure drop of 0.5 
lb. is caused by the cloth with clean gas at an aeration rate of 4 cu. ft. per 
sq. ft. aerator surface per minute. The introduction of dust at 6 lb. per 
24 hr. per square foot aerator surface, which is twelve times the rate 
expected in practice, increased the pressure 1 lb. in 45 min. The pressure 

^A. M. Comey: Dictionary of Chemical Solubilities.^^ Macmillan Co„ 

New York. 

• Wm. E. Greenawalt; U. S. Pat. 1628204, 1925; N. C. Christensen: Pat. 1462363. 

im. 
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would return to its original value by shutting off the flow of air and allow- 
ing the solution to back flush ” through the single cloth for a few seconds. 
As no serious clogging was observed, unless several superimposed blankets 
were used, this scheme offered a possible efficient method for aerating 
ferrous-sulfate solutions with roaster gas on a semicommercial scale. 

Aside from the fabric aerator, several other types have been recom- 
mended for this work, but experimental data are incomplete to date. 
Brief mention, however, will be made of certain meritorious designs. 

Rotating Shear Bubbler 

The production of small bubbles on a commercial scale by utilizing 
the shearing action of a revolving cylindrical device pierced with 3 -^ 2 “iD. 
holes through which the gas passes into the solution was advocated by 
Greenawalt about 1915.® In 1924, C. G. Maier^® experimented with a 
similar apparatus and made accurate measurements on the relation of 
size of bubble to diameter of orifice, gas velocity, pressure, and speed of 
solution flow normal to the orifice. This work of Maier led to an aeration 
device, known as the ‘‘grid type’^ aerator, consisting of lateral pipes 
accurately spaced 0.01 in. apart, the gas being discharged through 
holes 3^^ 2 or smaller, in diameter located slightly above the plane of 
axes of the pipes. Solution forced through the slots between the pipes 
causes a shearing action, thus producing bubbles of approximately the 
same diameter as the orifice. Without such shearing action, the bubble 
diameter is about ten times the orifice diameter. 

Another type has been developed by Greenawalt and tested to a 
limited extent by the Southwest Experiment Station with encouraging 
results. The gas is introduced from the bottom of the tank into the center 
of an impeller having hollow vanes. Some solution mixes with the gas 
passing through the impeller and the gas is subdivided into very fine 
bubbles as it is thrown out by the centrifugal force. This type of appar- 
atus lends itself to excellent control as the impeller speed and rate of gas 
flow may be adjusted to suit conditions. Advantages of this design are 
freedom from possibility of clogging by dust and low gas pressure 
required, there being a slight suction effect produced at the impeller. 
Possible disadvantages are high power consumption and the diflSculty of 
obtaining uniform gas distribution in a tank of large cross section. 

Of all the factors dealing with this process, fineness of bubble size has 
probably been considered of prime importance. In the experimental 
laboratory work, it was frequently noted that shortly after the comple- 
tion of the oxidation stage the bubble size would increase, sometimes to 
five times the original diameter. This was not because of any change in 

• Wm, E. Greenawalt: U. S. Pat. 1374600. 

C. G. Maier: Unpublished report, Bureau of Mines, 
u Wm. E. Greenawalt: U. S. Pat. 1374446 and 1374446, 1921. 
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eonditions of operaticm as far as could be observed; furtiier investigatioii 
dkclosed that the cause of tiie trouble was coalescence. It was a simple 
matter to construct an aerator capable of producing small bubbles, but 
ti>e prevention of coalescence was another problem. Further research 
along this line was necessary, the details of which will be offered for pub- 
lication in the near future. Many substances were found, small quan- 
tities of which inhibited coalescence to some extent; among these may be 
mentioned ferrous sulfate, glue, and pine oil. Sudr substmices have few 
properties in common and it is apparent that the laws governing coales- 
cence are very complex. It was found that coalescence was not directly 
dependent on the magnitude of the static surface tension of the solution. 

Recent investigations at Tucson** indicate that when using gas of very 
low concentration of sulfur dioxide, the small bubble loses its advantage 
and larger bubbles give more efficient oxidation. Furthermore, for each 
bubble size, the rate of addition of sulfur dioxide being constant, there is 
a definite concentration of sulfur dioxide at which the maximum rate of 
oxidation takes place, this concentration being higher with the smaller 
bubble sizes. The foregoing indicates that by blowing in auxiliary air 
with the roaster gas, larger bubbles than 1 to 2 mm. diameter would not 
only suffice, but would actually result in a higher sulfur-dioxide efficiency 
than in the case of the smaller bubbles. 

Design and Operation of Pilot Plant 

To demonstrate the commercial possibilities of producing acid ferric 
sulfate from roaster gas, a pilot plant was constructed at the Tucson 
station, in which additional data have been secured which may serve as 
a basis for larger scale construction and operation. Much work in test- 
ing various forms of aerating devices, in the hope of making possible 
improvements remains to be done, but on account of the successful results 
obtained thus far, the data at hand are herein presented. The steps 
involved were reduced to their utmost simplicity and consisted of roast- 
ing with a standard type multiple-hearth roaster, roug^ cleaning the gas 
in a novel dust collector, and blowing by means of a cycloidal blower into 
a porous-bottom aerating column. 

Roaster 

Pyrite from the Jerome district was roasted in a six-hearth, 2 ft. diam- 
eter, gasoline-fired Herreshoff roaster having air-cooled rabble arms. 
On account of high radiation losses, such a small furnace was not self- 
roasting; and as it was found that direct firing lowered the oxjrgen con- 
tent of the gas about 4 per cent., which prevented satisfactory oxidation 
ol the solution, indirect heating was obtained by passing the air from 

** Wm. A. Jennings: The Effect of Babble Kse on tiie Optimum Sulfur Dioxide — 
Air Ratio in the Ferric Sulfate — Sulfurio Add Pr o e ea s . Thesis, Univertity of Ari- 
amia, 1921k 
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the CMling Anns into a pipe through a combustion chamber and dis- 
charging the preheated air on to a lower furnace hearth; this functioned 
very satisfactorily. 

Dust Collector 

The furnace gas was cleaned and cooled in a Reverse Nozzle Dust 
Collector, manufactured by the By-Products Recoveries Co., Inc. This 
is a stationary all-metal apparatus and is claimed to effect a clearance 
comparable to an electrostatic precipitator. Since its installation, 
there has been no trouble because of increase of gas pressure against 
the aerator cloth. 



Fig. 1. — Aerator grid supporting **Duro^* cloth diaphragm, with cloth 
ROLLED BACK TO EXPOSE PARTS, AND CRATE WHICH RELIEVES TENSION ON THE CLOTH; 
12-IN. baffle boards in CENTER ARB PLACED OVER GAS-INLET PIPES IN BOTTOM OF 
AERATOR TANK TO SPLIT GAS STREAM; CLOTH IS STRETCHED ACROSS FRAME BY BEING 
FORCED BY WOODEN STRIPS INTO GROOVE SHOWN IN SIDE; STRIPS ARE HELD IN PLACE 
BY LONG WOODEN WEDGES FITTINO AGAINST SIDE OF AERATOR, WHEN DIAPHRAGM IS 
HORIZONTALLY IN PLACE IN BOTTOM OF AERATOR TANK. 

Blower 

For blowing the gas, a Connersville gas pump, size 20B, rated at 46 
cu. ft. per min., free air at 4 lb. pressure was used. In most tests, the 
rate of gas flow was about 25 cu. ft. per min. Although the blower has 
not been operated long enough to furnish conclusive data on corrosion 
effects, no trouble has been observed to date. Iron blowers of the 
Root type have been operated for years handling SO 2 gas for the 
Hargreaves process. 

Aeroior 

Prom the blower, the gas passes in a 2-in. iron pipe, through an 
orifice metar, to the aerator; lead pipe is used from the point where the 


Lunge: ‘"Sulphuric Acid and Alkali,” a, 246, 3d ed., Gumey A Jackson, London. 
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solution level b reached. The aerator tank is 7)^ ft. high and has a 
cross section of 7.22 sq. ft. The aerator surface is 6.67 sq. ft., the fabric 
being secured in the tonk without any metal parts. “Duro” cloth has 
been used as a porous medium, but the laboratory tests have shown that 
any closely woven, heavy woolen cloth will serve the purpose. Figs. 1 
and 2 show aerator details. To date, all the runs have been carried out 



Fig. 2. — Constbgction of aerator tank; note junction of iron with lead 

PIPE LEADING GAS OUTSIDE AERATOR DOWN UNDER ITS BOTTOM, AND HEAVT REIN- 
FORCING AT BOTTOM OF CELL. 


by the batch method, although the process can readily be made continu- 
ous by passing the solution through a number of aerating cells in series. 

Pilot-plant Data 

A number of successful runs have been made, examples of which are 
shown in Table 2. In the early work on this process, it was considered 
essential that no appreciable free acid be present during the oxidation 
stage. Run No. 6 shows that the ferrous iron was completely oxidized 
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with an initial aciditity of 14.6 gm. per liter, the efficiency of sulfur dioxide 
for the entire run being 96 per cent.; however, 1.3 gm. per liter of ferric 
iron were initially present. 

The length of life of a “Duro” cloth aerator is still a mooted question. 
The 121 sq. cm. aerator has lasted through 25 runs, averaging 5 hr., each 
and at this writing has apparently not deteriorated. When the lateral 
dimensions of such an aerator are increased, however, mechanical stresses 
on the cloth must be reckoned with; otherwise, stresses will occur in the 
fabric, causing an increase in the size of interstices, thus allowing uneven 
air distribution and larger bubbles. This danger has been largely over- 
come by setting a lattice-shaped framework over the cloth. Uniformity 
of material must also be insisted on for satisfactory results. 


Table 2. — Pilot-plant Prodwtion of Acid Ferric Sulfate with Roaster Gas 


Height solution column, 130 cm.; volume solution, 872 liters; gas pressure at aerator, 

2.2-3.2 lb. per sq. in. 


Run No. 

ComMsition of Solution, 
Grama per Liter 

Gas Analyses, 

Per Cent. 

Hours Aerated 

Efficiency Sulfur Diox- 
ide Per Cent. 

Aeration Rate* j 

Rate of Acid 

Formation* 

Rate of Acid 

Formation* 

Acid at Start of 

Run 

Total Iron 

Iron Oxidised 

Ferrous Iron End 
of Run 

Acid Produced 

Ingoing 

Out- 

going 

Sulfur 

Dioxide 

Oxygen 

Sulfur 

Dioxide 

3 

0.3 

4.4 

I 4.2 

0.16 

68.2 

3.17 

15.3 

0 19 

12.0 

94 

3.4 

6.1 

1.42 

4 

nil 

6.0 

6.4 

Tr. 

64.3 

3.16 

16.0 

0.13 

10.4 

96 

3.8 

5.7 

1.64 

5 

nil 

4.9 

1.8 

2.7 

22.1 

6.03 

11.7 

1.30 

6.8 

74 j 

1.77 

3.24 

0.96 

6 

14.6 

6.1 

3.8 

Tr. 

39.4 

4.08 

14.3 

0 15 

8.5 

96 

3.45 

6.7 

1.91 

8 

nil 

6.7 

6.7 

Tr, 

49.6 

2.16 

16.8 

0.02 

7.7 

99 

4.64 

6.64 

1.41 

9-12^ 

nil 

6.1 

3.8 

0.3 

76.0 

1 

1.43 

17.6 

0.60 

33.0 

65 





* Cubic feet free gas (700 mm. Hg. and 30® C.) per square foot aerator surface per minute. 

^ Grams sulfuric acid per liter per hour over entire run. 

* Pounds sulfuric acid per square foot aerator surface per hour. 

* This run was carried out on four different days, loss by leakage being made up by adding water 
and ferrous sulfate. 


To date no expression has been formulated for the permissible ratio 
between oxygen and sulfur dioxide content of the gas. This relationship 
appears to be a rather complex function. It was found difficult to obtain 
satisfactory oxidation in the pilot-plant solutions with an oxygen content 
below 13 per cent., even though the sulfur dioxide was considerably less 
than 3 per cent. This is interesting, in view of the fact that excellent 
results were obtained in a similar, but smaller scale apparatus, using a 
mixture of sulfur dioxide and air of 5 per cent, sulfur dioxide and 19.5 per 
cent, oxygen. It is thus evident that the permissible SO 2 : 02 ratio is not 
a constant quantity. 
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Application of Pbocisss to Tbbathbnt of Cupbifbboits Fboductb 

The ft.™ of these inyestigations has been to assist the copper hydro- 
metalliirgist in producing an inexpensive and satisfactory leaching solvent. 
It is hopedi within the coming year, to extend this work to the semicom- 
mercial treatment of typical ores by the Bureau of Mines process. Pre- 
liminary work has already been undertaken on products from one of the 
representative southwestern copper companies. It is desired to produce 
acid ferric sulfate from the solution discarded at the scrai>-iron boxes and 
to utilize this solution for leaching a large dump. The discard solu- 
tion contains: 

Qbamb pbb 


Lxtbb 

Total iron 20.2 

Ferrous iron 19.7 

Sulfate, SO4 69.6 

Copper trace 


The theoretical sulfate required to combine with the iron would be 
35.1 gm. per liter. 

Evidently these solutions are very foul with sulfates and experimental 
evidence was necessary to determine whether the iron could be oxidized 
as efiSciently as in former tests with purer solutions. Accordingly, tests 
were run in the apparatus used for obtaining the data of Table 1. The 
results compared favorably with a similar test, using crude ferrous sulfate 
crystals as in the regular runs; Table 3 shows the comparison. 

Table 3. — Production of Add Ferric Sulfate Using Pure Sulfur Dioxide 
and Air; Comparison of Plant and Synthetic Solutions 
5 per cent, sulfur dioxide; 19.5 per cent, oxygen; aer&tor, 121 sq. cm.; height 
of column, 100 cm. 



Assay Solution, in Grams per Liter 

Efficiency 
Sulfur 
Dioxide 
Per Cent. 

Number 

Hours 

Run 

Solu- 

tion 

Total 

Iron 

Total 

Sulfate 

(SO4) 

Sulfate 
Required 
for Iron 

Acid 

Produced 

Iron 

Oxidised 

Ferrous 
Iron End 
of Run 

A 

ill 

57.2 

37.3 

28.7 

19.0 

0.6 

91 

4 

B 


69.5 

35.1 

24.0 

17.2 

2.6 

87 

4 

C 

mm 



12.4 

3.95 

nil 

100 

1.25 


A, solution made up from Ajo crude ferroiu sulfate crystals. 

B, iroit-box discard solution as obtained from leaching plant. 

C, same as solution “B” but diluted to concentration shown. 


The data show that the excess sulfate probably affects the efficiency 
adversely, but that if these plant solutions are diluted, results may be 
obtained equally as good as with the solution made from ti>e crude 
ferrous sulfate crystals. 
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Some Factoid Intolvbd in CoioiEBCiAir-PLANT Design 

Pilot-plant data having been given showing that ferrous-sulfate solu- 
tions may be successfully oxidized by roaster gas, using a fabric-type 
aerator, attention will now be turned to certain features of design and 
operation of a plant of commercial dimensions. The following calcula- 
tions are based on semi-commercial results obtained, but are at best only 
tentative as no large-scale plant has been built. 

Materials of Construction 

Ordinary iron construction has been found satisfactory for blower and 
piping to the point where the temperature drops below about 200° F., 
beyond which lead should be used. The corrosive property of the gas is 
largely dependent on its moisture content, therefore the sulfide ore to 
the roaster should be as dry as possible and direct firing of hydrocarbon 
fuel should be avoided. 

Aerator Tanks 

Unpainted redwood has been used in the pilot plant. It has been 
noted that when solutions were aerated in such tanks the bubbles coal- 
esced badly after a short time, presumably on account of extracting some 
substance from the wood. This has been rectified by using suitable 
addition agents. A coating of acid-proof paint would doubtless be 
advantageous, or better still, a lead lining. The porous bottom in each 
cell should be divided into several independent compartments, each 
connected to the gas line by a shut-off valve. Any irregularities that 
might develop in the porous medium could then be compensated by 
adjustment of the gas valves. The cells should be supplied with hoods 
leading to the outside atmosphere, as the air discharged would be deficient 
in oxygen even though sulfur dioxide were not present in appreciable 
quantities. No work has been done on producing the acid solution by 
a continuous process, but this could be accomplished by several cells 
in series. 

Roasters and Dust Collectors 

This portion of the process should not deviate from standard prac- 
tice. Experience has shown that the oxygen content of the gas should not 
be lower than 15 per cent., and it has been found that standard self- 
roasting operations will produce 4 per cent, sulfur dioxide and 15 per 
cent, oxygen. Wet scrubbing of the gas is neither necessary nor desirable, 
only such cleaning being required as can be done easily and cheaply. 

Blowers 

No particular make of blower is recommended; several types on the 
market have been investigated and appear to meet the requirements. 
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On account of dust particles in the gas^ a machine having considerable 
clearance would be preferable. 

Size of Units 

To arrive at tentative figures for cost of construction and operation, 
calculations will be made showing the size of equipment required for 
producing the equivalent of 20 tons of 100 per cent, sulfuric acid per 24 
hr., an amount suflScient to leach approximately 1000 tons of 1 per cent, 
copper ore, if 2 lb. of acid are consumed per pound of copper. 

Table 2 shows an average of the equivalent of 1.47 lb., of 100 per cent, 
sulfuric acid produced per hour per square foot aerator surface, and the 
authors have reason to believe that this figure will be considerably 
increased with improvements in the manner of operation. Taking 1.25, 
to allow a factor of safety, there would be produced roughly 30 lb. acid 
per square foot per 24 hr. ; 40,000 lb. acid per 24 hr. would require 1333 
sq. ft. of active cloth area. Assuming 90 per cent, of the cell bottom to 
be active surface, the total cell area would be 1481 sq. ft. Figuring 
each cell to be 4 ft. wide by 40 ft. long, practically ten cells would be 
required, which is in all probability an outside figure. 

Twenty tons of acid is equivalent to 6.53 tons of sulfur, a quantity 
that would easily be handled by a single roaster unit of the six-hearth, 
23-ft. diameter size. At a typical roaster installation, each furnace 
roasts 33 tons of pyritic copper ore containing 43 per cent, sulfur and 
produces a calcine of 5 per cent, sulfur, the ore being crushed to 3^^ iu. 
Each roaster removes about 12.5 tons of sulfur. 

At 25° C., and 700 mm. mercury, 1 cu. ft. of pure sulfur dioxide 
weighs 0.1545 lb.; therefore, 6.53 tons sulfur per 24 hr. would be equiv- 
alent to 2935 cu. ft. of 4 per cent, sulfur dioxide gas per minute. The 
aeration rate would be 2.2 cu. ft. per square foot aerator surface per 
minute, based on 100 per cent, efficiency of sulfur dioxide. At 90 per 
cent, efficiency the aeration rate would be 2.45. A typical flotation 
installation of the Southwest uses an aeration rate of 5, so the calculated 
figure is very conservative. 

Costs 

In the construction of a plant, a major consideration would be the 
balancing of initial expense against operating cost. In the foregoing, a 
column height of 43^^ ft. was assumed. By increasing the column height, 
the aeration rate may be raised considerably without loss of efficiency. 
This means less floor space and cheaper construction, but greater power 
requirements. One of the large concentrators uses 275 hp. to blow 10,000 
cu. ft. free air per minute, the pressure being 4.5 lb. per sq. in. On this 
basis 82.6 hp. would be required for 3000 cu. ft. per min. which equals 
61.6 kw. With power at 13-^ cents per kw.-hr,, the blowing cost would be 
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$22.20 per 20 tons acid or $1.10 per ton. The roasting cost is problemat- 
ical, owing to variable conditions at different plants. If high-grade 
concentrates produced at the property are roasted, the saving in freight 
to the smelter may offset the roasting cost and little or no charge would 
be made against the acid for roasting. If iron pyrite is purchased, 
shipped in, roasted, and then discarded, the cost may be estimated at $6 
per ton p3rrite. Assuming that one-third of the total weight of pyrite 
equals the sulfur converted to sulfuric acid, the cost would be $5.88 for 
pyrite, including roasting, per ton of 100 per cent, sulfuric acid. The 
labor cost for the aeration division should not exceed $1 per ton acid. 
Interest, depreciation, and repairs on a $50,000 investment would be 
about $1.50 per ton acid, making a total cost per ton 100 per cent, acid 


as follows: 

With Without 
Roabtinq Roabtino 
Charqb Charqb 

Roasting and purchase of pyrite $5.88 

Aeration, power 1.10 $1.10 

Aeration, labor 1.00 1.00 

Depreciation and amortization 1.50 1.50 

Total $9.48 $3.60 


Considering the small operating cost, relatively low first cost, and the 
fact that the process lends itself to comparatively small-scale installa- 
tions at isolated points, it is believed that a contribution has been 
made to the methods for metallurgical treatment of low-grade leach- 
able copper ores. 


Summary 

1. A study of the commercial aspects of the ferric sulfate — sulfuric 
acid process has been made by the Southwest Experiment Station of 
the Bureau of Mines. 

2. Laboratory tests in producing acid ferric sulfate from sulfur 
dioxide-air mixtures and ferrous sulfate solutions have been confirmed 
by pilot-plant runs in which roaster gas was used to aerate solution 
in 1-ton lots. 

3. Using a 434-ft. column of solution, acid up to 55 gm. per liter 
was produced at the rate of over 5 gm. per liter per hour at an eflSciency 
of sulfur dioxide of 94-99 per cent. 

4. Acid ferric sulfate has been successfully produced from leaching- 
plant scrap-iron discard solutions. 

5. Aerators of the porous fabric type have given satisfaction in 
this work. 

6. Based on the Tucson pilot-plant results, the costs for acid of a 
strength up to 50 gm. per liter should be from $4 to $10 per ton, depend- 

voii. Lxxni. — 7. 
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ing on p 3 nrite cost, for a plant producing 20 tons of 100 per cent, sulfuric 
acid per 24 hr. 
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DISCUSSION 

G. D. Van Arsdale, Los Angeles, Calif, (written discussion). — Years 
ago, Dr. James Douglas produced ferric iron (together with acid) on a 
large scale by blowing dilute SO 2 through chloride liquors. In published 
accounts, he called attention to the ease with which solutions could be 
reduced or oxidized, or large amounts of dilute acid made in this way. 
So far as I know, the first large-scale tests using these principles for sulfate 
solutions were, as stated in the paper, made for the Shannon Copper Co. 
F. Schimerka should have been mentioned in connection with these 
experiments, as he was in charge of the leaching. 

The authors, on page 85 say: 

a cheap and eflScient method of producing this solvent should warrant the attention 
of the hydrometallurgist. Anodic oxidation of ferrous sulfate has found favor where 
the magnitude of operations or a cheap source of power justifies the electrolytic 
precipitation. 

As the electrolysis cost for precipitating copper is chargeable entirely 
against the copper made, ferric iron made by anodic oxidation not only 
costs nothing, but should be credited with voltage reduction, possible 
to a considerable extent. It is difficult to see how a cheaper and more 
efficient method for making ferric iron can be devised than one that has 
no charge against it. 

The feasibility and relative economy of electrolytic precipitation are 
conditioned more by the grade of material being leached and the obtain- 
able strength of solution than by magnitude of operation and power cost, 
as stated by the authors. It is not feasible to precipitate electrolytically 
from mine waters or heap leaching solutions, because of their extreme 
dilution; but because of this dilution it would not be practicable to make 
ferric iron and acid from such solutions by roaster gas. It has been 
demonstrated that stronger solutions, say with 1 per cent, or less, can be 
stripped electrolytically at a smaller cost than is possible by iron precipi- 
tation. The cost of power, of course, is important, but in the Southwest 
where location and freight rates would allow the use of acid at a cost 
of $10 per ton, and the bringing in of iron at a reasonable cost, oil could 
be brought in and power produced at a reasonable cost. The same 
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thing applies to a low enough fuel cost to permit of making iron locally. 

For anything except the very weakest solutions, there is no doubt 
whatever as to the relative economy of electrolysis as against cementa- 
tion. Generally speaking, in the Southwest, where iron can be delivered 
for 1 to cents a lb., power can be made for cents per kw.-hr. 
It takes roughly lb. of iron to precipitate 1 lb. of copper, and % lb. 
per kw.-hr. direct current is conservative. A cost comparison of the two 
precipitation methods, therefore, would be as follows: 


Electrolysis 


Cementation 


Power 

.. $0.02 

Iron 

. . . $0,015 

Labor 

. . 0.006 

Labor 

... 0.015 



Treatment 

. .. 0.01 



Refining 

... 0.0125 



lyi lb. acid @ 12 c 

... 0.0075 

Cathodes 

.. $0,026 

Refined copp)er 

.. $0.06 


Freight East and selling are not charged in either case. The average 
labor cost of making cement copper, in the Southwest, has been higher 
than the figure given. Treatment cost of the cement at the smelter is 
assumed at 1 cent, probably it will not be less than this. 

It is fair for comparative purposes to charge cementation with the 
l}'2 lb. of acid that is regenerated by electrolysis. Evidently under these 
conditions cementation means a copper cost for precipitation of nearly 
three times electrolytic costs. Where leaching is at all possible, and 
solutions of say 1 per cent, or better are obtainable, this large difference 
would amortize the relative plant costs quickly enough to make an elec- 
trolytic plant a very desirable investment. If the production of copper 
by cementation was equally cheap, the Southwest long ago would have 
been dotted with acid leaching and iron precipitation plants. The 
production of ferric sulfate and acid by the method described necessitates 
iron precipitation, therefore the method can have only limited applica- 
tion, as electrolysis is much cheaper than cementation, except for very 
dilute solutions or possibly for remote localities where neither would be 
possible. It is a simple matter to throw a lot of acid on to a batch of 
ore, drain this off, and precipitate the copper by iron; but this method 
will pay only under very exceptional conditions. 

Using the term pilot plant for the small-scale apparatus used in the 
tests is misleading. Most persons would define a pilot plant as one in 
which full-size apparatus in all details is used in the smallest number of 
units possible, and from which complete, definite, reliable information as 
to operation and costs are obtainable. The proper steps for any impor- 
tant investigation are : laboratory work, test-plant investigation in small- 
scale working apparatus, and pilot-plant op)eration in full size. The 
scale of this work belongs in the first and second steps. The authors 
recognize this when they say that the calculations can be only tentative, 
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but the use of the term pflot plant tends to give the impression that the 
work was done on a larger scale than was actually the case. 

The statement is made that all runs were by the batch method but 
that the method could be made continuous by putting the solution 
through a number of cells in series. This is obvious, but would it not be 
necessary also then to put the gas through all the cells in series? If so 
would not the head and consequent aeration costs be those given 
multiplied by the number of cells? 

It would appear, also, that a good deal of the work done, and pre- 
sumably also the cost figures obtained, were on a basis of starting with 
zero acid and building this up to 5 per cent. It is not practicable in 
leaching to neutralize the solutions completely; in fact, with the large- 
scale Inspiration tests there was serious trouble from precipitation of 
basic salts when the solution acidity was about 2.5 per cent. For the 
same number of pounds of acid made, twice the volume of solutions 
would have to be handled for a minimum acidity of 2.5 per cent., com- 
pared with a zero acidity; consequently the aeration costs would have 
to be doubled, if those given in the article were calculated on a basis of 
original zero acidity. 

The percentage of acid needed per cycle in any leaching system is 
proportional to the copper precipitated; therefore would not aeration 
costs increase directly as the percentage of copper to be precipitated 
decreased? Thus, for a weak solution carrying say 0.25 per cent., there 
would be needed for each cycle say about 0.5 per cent, acid (based on a 
leaching ore requiring about twice as much acid as copper recovered). 
It would therefore seem that to make a ton of acid in a 0.5 per cent, 
solution, the same volume of gas would have to be brought into contact 
with ten times the volume of solution as compared with making the same 
amount of acid in a final 5 per cent, solution. In other words, with 
decreasing necessary acid strength or percentage regenerated each cycle, 
at some point aeration costs would be prohibitive per pound of acid 
made. I may have misunderstood the method of figuring used, therefore 
the above should be taken as a request for information, and not a criti- 
cism. However, the cost figures ($4 to $10 per ton of actual acid, 
depending on whether or not roasting and sulfur costs are charged) 
do not seem to show any particular advantage, except an uncertain possi- 
bility of lower installation costs, which need not be considered since 
amortization is included. With the same conditions of supply of SO 2 , 
acid can be made for these' figures, by the usual methods, per ton of 
actual acid, but produced at, say, 75 per cent, instead of 5 per cent. 

The statement that the process has small operating cost, relatively 
low first cost, and that it lends itself to comparatively small-scale instal- 
lations at isolated points is not clear; does this mean a complete leaching 
process of which the method described is a part, or the method itself? 
If the former, the fact should be emphasized that there are few possible 
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small-soale installations at isolated points where money can be made by 
mining, crushing, leaching with $10 acid, precipitation with iron at the 
freight rate to the isolated point, freight out on the cement from the 
isolated point, together with treatment costs on cement, plus freight, 
refining, and selling costs on bullion except for much higher than the 
usual grades of ore. It is, of course, true that there are many small 
deposits where tonnage would not justify the installation of modern 
leaching methods, but if the copper from such deposits made by cementa- 
tion costs more than you can get for it, why bother with it? 

W. E. Greenawalt, Denver, Colo, (written discussion). — 
Apparently, the first mention in the United States of the conversion of 
ferrous sulfate to ferric sulfate by means of sulfur dioxide, for leaching 
purposes, is in a patent to Deby, No. 240309, April 19, 1881, in which is 
described and claimed, ^^In the extraction of copper and silver from their 
sulfide ores, the method consists in subjecting the ferrous sulfate solution 
to the fumes or gases of sulfurous acid, whereby its conversion into ferric 
sulfate is effected.” Apparently, as an improvement on this patent, 
another application was filed about a year later by Deby, No. 252593, 
Jan. 17, 1882, in which is described and claimed ^'The process of convert- 
ing ferrous sulfate to ferric sulfate, which consists in subjecting the solu- 
tion of ferrous sulfate to the combined action of chlorine and sulfurous 
acid gases. ” The reaction given is : 

2FeS04 + 2 H 2 O + 4C1 + SO 2 = Fe2(S04)3 + 4HC1 

Ferric chloride has some advantages over ferric sulfate, but it also 
has some disadvantages. In the general treatment of the complex ores, 
containing gold, silver, or lead in connection with the copper, a solution 
having a chloride basis has a much wider range than one having a sul- 
fate basis. 

By the method described in the patent to J. E. Greenawalt, No. 
631040, Aug. 15, 1899, in which the leach solution is electrolyzed, and in 
the patents to W. E. Greenawalt, Nos. 968651, 968845, Aug. 30, 1910, 
and No. 973776, Oct. 25, 1910, in which is described the application of 
sulfur dioxide and chlorine to the leach solution, there was no difficulty 
in getting solutions that would dissolve gold leaf in a few seconds, and 
when these solutions were applied to the ore, copper, gold, silver, lead, and 
zinc were dissolved. Certain interesting features, however, developed 
in the use of these solutions. Both ferric sulfate and ferric chloride 
solutions quickly disintegrated all diaphragms, even when the highest 
quality of asbestos cloth was used. Other porous membranes were tried ; 
while some seemed to stand up well when used on a small laboratory 
scale, when used on a large sc«Je, working continuously day and night 
for extended periods, no porous membrane was found which had the 
desired durability. For this reason diaphragms were entirely discarded 



102 PBODUCTION OP PEKRIC SULFATE AND SULFURIC ACID 

» 

in the electrolysis, and mechanical means were developed for aerating 
the liquids. 

It was also found that while acid chloride solutions containing ferric 
chloride, cupric chloride, hydrochloric and sulfuric acids, and neutral 
solutions containing also hypochlorites, were effective solvents for the 
metals in the ores, they also dissolved the lead of the pumps and pipe- 
lines. Hard-rubber pumps and hard-rubber pipelines were then sub- 
stituted but they became soft and buckled with hot solutions, and 
they became brittle and broke easily with cold solution and repairs were 
not easily made. These difficulties are not insurmountable, neverthe- 
less, in a commercial plant they would have to be given the most care- 
ful consideration. 

The electrolytic deposition of copper from mixed chloride and sulfate 
solutions, like those resulting from the application of sulfur dioxide to a 
chloride solution as a reducing agent, was not difficult, provided the solu- 
tions were maintained reduced. Carbon anodes stood up well. The 
probable reason for this unexpected result is that chlorides and not sul- 
fates are disassociated by the electric current. The chlorine of the 
sodium chloride and the metals of the sulfates react to form sodium sul- 
fate and metal chlorides, and sodium sulfate is not readily dissociated 
under conditions of metal chloride electrolysis. 

In the application of sulfur dioxide to leach sulfate solutions, it is 
interesting to note that the authors obtained an oxidation of the ferrous 
iron with about the same sulfur-dioxide content of the gas as the writer 
used in reducing ferric iron in the electrolytic deposition of copper from 
sulfate solutions. In very complete tests made recently, under small 
scale working conditions, satisfactory reduction of the ferric iron was 
obtained with roaster gas that never exceeded 2.0 per cent, sulfur dioxide. 
Apparently, Deby, as also the authors, oxidized ferrous sulfate to ferric 
sulfate with a gas similar to that used by Greenawalt in reducing ferric 
sulfate to ferrous sulfate. The explanation of this is evidently in the 
nature of the method and apparatus employed. In the Greenawalt 
reducers, a pool of solution containing ferric sulfate was used and the 
solution was sprayed into an atmosphere of roaster gas containing not 
to exceed 2 per cent, sulfur dioxide, by rapidly rotating disks or cylinders 
having their peripheries only slightly submerged below the surface of the 
liquid ; while in the experiments made by the authors the gas was prac- 
tically emulsified in the solution. Oxygen is only slightly soluble in 
water while sulfur dioxide is relatively quite soluble; and, as in the 
Greenawalt reducers the solution is maintained practically saturated 
with sulfur dioxide, the oxygen of the pool does not have the same chance 
to react as when it is all the while being applied to the solution in a 
finely subdivided or supersaturated condition. The same comparison 
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would largely apply to the application of the gas in a tower, as suggested 
by Deby , only not as effectively. 

Several years ago comparative tests were made, in the oxidation of 
ferrous sulfate, between a Pachuca tank and a Greenawalt apparatus 
of the vertical, mounted, hollow-impeller type from which the gas, 
delivered into its interior, is ejected into the surrounding liquid in fine 
bubbles. It was found that the oxidation of the ferrous iron was from 
four to five times as rapid with the Greenawalt apparatus as with the 
Pachuca tank. 

The development of the treatment of mixed oxide and sulfide low- 
grade copper ores will be exceedingly interesting. Leaching with an 
acid ferric-salt solution and leaching and concentration, either by gravity 
or flotation or both, have their advantages and disadvantages, with the 
chances probably in favor of leaching and concentration on most ores. 
Few mixed ores are entirely free from copper in the form of chalcopyrite, 
bornite, or copper-bearing pyrites, and the copper in these minerals is 
not readily attacked by any known commercial solvent. Then, too, 
while the first atom of the copper in chalcocite, CU2S, is quite readily 
attacked by ferric iron, the second atom is not so readily dissolved, and 
the long time required for the solution of this second atom of copper, to 
get the desired extraction, will usually bring up leaching difficulties of 
the first magnitude with most ores, especially where time is an element 
of the problem, as opposed to heap leaching, where time is not so essential. 

G. L. Oldright (written reply to discussion). — The paper describes 
a phase of the process developed by the Bureau of Mines for making 
ferric sulfate and sulfuric acid by means of roaster gas. A general 
acknowledgment to previous workers was therefore given and for the 
historical development of the process, readers were referred to a paper by 
Oliver C. Ralston that is soon to appear. The data obtained on similar 
work at the Shannon were quite scanty. It is our understanding, how- 
ever, that the production of ferric sulfate and sulfuric acid by the use of 
SO2 at the Shannon property was carried out, on an experimental scale, 
by Messrs. Rose and Sloan under the direction of Mr. Bennie, prior to 
Mr. Schimerka^s connection with the company. In the brief mention 
made of the use of oxidizers in lixiviants for other minerals than those 
of copper, it was not noted that Mr. Van Arsdale has worked with ferric 
salts on lead as well as copper ores. A much fuller historical account of 
work on lead ores is given another paper. 

The authors are familiar with the Hunt and Douglas process and the 
use of SO2 as a reducer to precipitate cuprous chloride, and to make acid 
by the reduction of ‘ 4 c salts, but not with the use of SO2 as an inducer 
to oxidation. They would like to obtain references of the published 

Oliver C. Ralston: Hydro metallurgy of Lead. Trans. (1924) 70, 447. 
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accounts <rf the simultaneous production of ferric sulfate and sulfunc 
acid in chloride liquors. Their tests with SOj gas on chloride liquors 
have indicated that iron may be oxidized in dilute, but not in very 
concentrated brine solutions. Perhaps Mr. Van Arsdale has some 
additional information. 

Information has been requested as to the cost of aeration of very 
dilute solutions. If the gas analysis, per cent, of SO 2 utilized, and head 
against which the blower is acting are constant, the amount of power 
utilized for the aeration itself will be constant per unit of 100 per cent, 
acid. The extra volume of solution through the cells will have to be 
paid for by an extra pumping cost, which, however, is not a serious item 
unless the head is excessive. Were the case otherwise, it would be simple 
to dilute a stronger acid to the required strength. 

A test showing that iron could be oxidized and acid made even in the 
presence of initial acidity was made to test the possibility of the use of a 
continuous system, were such deemed feasible. The gas and solution 
circuits would be entirely separate in this case, the gas being fed to each 
cell in parallel. 

As to the use of the term pilot plant,'^ complete data as to the size 
of the plant used and precautions to be observed on increasing the scale 
of operations were given, so that the use of the term should not 
be misleading. 

With current practice in electrolytic tank houses, the complete pre- 
cipitation of copper from solutions is accompanied by a very large con- 
sumption of power. The electrolytic stripping of discard solutions 
containing 1 per cent, or less of copper is done only rarely in leaching- 
plant practice. The Chuquicamata plant has adopted cementation on 
scrap iron discontinuing electrolytic precipitation. Not only is the 
power consumption for such a procedure excessive, but the copper pre- 
cipitated is of very inferior quality. 

As to the cost of producing copper by scrap-iron precipitation, 
Anderson and Cameron^® say : The average price paid by the smelter was 
12.876 cents per pound . . . the cost per pound, including smelter charges, 
was 5.815 cents per pound ; the operating profit for the period, per pound, 
was 7.061 cents.'' From these figures, operations of this nature will 
support the extra cost of a cent or so for acid, should its use be necessary. 

The use of dilute acidic solutions for leaching dumps, capping, and, 
under favorable conditions, material in place, offers an attractive field 
for the process that has been described.. Acid for these purposes may be 
advantageously used where (a) the amount of pyrite in semi-oxidized 

See C. W. Eichrodt. Tram. Am. Mectrochem. Soc. (1924). 

Recovery of Copper by Leaching, Ohio Copper Co. of Utah. Presented at the 
Salt Lake City Meeting and issued, as Paper No. 1492-D with Mining and Mbtait 
LUBQT, September, 1925. 
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cupriferous material is insufficient to form acid to dissolve the copper 
present by slow atmospheric weathering, (6) where excessive weathering 
of the rock limits the length of time an orebody may be leached in situ 
without weathering, (c) where the speed of leaching may be greatly 
increased, and id) where it is advisable, on account of scarcity of water, to 
recirculate the barren solution back over the orebody, and yet there is 
danger of ^‘plugging'' this latter should the iron hydrolyze out. 

With present practice, the competition between scrap iron and the 
electric current as precipitators becomes more keen for ores of such grade 
that more concentrated copper solutions may be readily made from them. 
The authors, however, believe that even in this case each of the two 
precipitation methods will have its own field, and that the statement, 
‘‘For ever 3 rthing except the very weakest solutions, there is no doubt 
whatever as to the relative economy of electrolysis as against cementa- 
tion” is too broad and general. 

In the comparative figures for the cost of precipitation by scrap iron 
and by electrolysis, Mr. Van Arsdale has omitted the extra amortization 
and interest charges for the electrolytic plant. Many plants, for practi- 
cal purposes, must be written off during the life of the local orebody and 
not during the natural life of the material in the plant. Some objec- 
tion might be made by advocates of scrap iron (scrap turnings and 
sized scrap from Los Angeles used largely by local lead smelters, cost 
about $11 per ton f.o.b. Salt Lake City, the Southwestern freight haul 
is about the same) that the cost of treatment from local smelters is 
about $0,007 instead of $0.01, and that the difference between cathode 
and cast copper is about one-eighth of a cent. On the other hand, 
Mr. Van Arsdale^s cost for power seems very conservative. It is, 
however, almost impossible to list all the factors in one short comparative 
cost sheet. 

The metallurgist may judge for himself what system of precipitation 
he would have used for the two plants listed below. Unless otherwise 
noted, the data are from papers on Ajo^^ and the Anaconda leaching 
plant. As the amount of precious metals in the Anaconda ore was of 
so little importance that the chloridizing leach was afterward omitted, the 
two plants should be quite closely comparable. The operation of the 
Anaconda leaching plant was discontinued on the advent of flotation, as 
the sulfide ore comprising its feed was readily amenable to treatment by 
this method. 


Ira B. Joralemon: The A jo Copper Mining District. Trans. (1915) 49, 593. 
Henry A Tobelmann and James A. Potter: First Year of Leaching by the New 
Cornelia Copper Co. Trans. (1919) 60, 22. 

« Frederick Laist and Harold W. Aldrich: The 2000-ton Leaching Plant at Ana- 
conda. Trans. (1917) 66 , 860. 
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Factor Inyoltsd 

Anaconda Lkachinq 
Plant 

Kto 

Tons in deposit to be leached 

20,000,000 

12,000,000 

Capacity plant, tons per day 

2,000 

5,000 

Calculated life of plant, years 

28 

6.6 

Copper in ore, per cent 

0.64 

1.5 

S 3 rstem precipitation used 

Scrap iron 

Electrolytic 

Consumption acid, lb. 60° B6, (77.7 per 
cent. H 5 SO 4 ) per ton of ore, using pre- 
cipitation system above (to judge 

relative cleanness” of ore) 

64.9 

90.3 

Copper in pregnant solution, per cent. 

(Cycles could be modified) 

1.9 

3.0 


Cost of acid per ton Assume same operating costs for each com- 

pany-controlled acid plant; longer haul on 
acid for Ajo plant. 

Cost of scrap iron Mathewson mentions scrap around plant for 

Ainaconda. For Ajo, Ricketts mentions 
Alabama pig; Tobelmann and Potter, scrap 
iron. Cost of scrap iron seemingly some- 
what cheaper at Anaconda. 

Estimated cost of power per kw.-hr 0.535 cents 1.5 

Assuming Mr. Van Arsdale’s figure holds for 
Ajo (probably considerably too high) and 
adding to maximum Great Falls'® power 
cost of $25 per horsepower year, assumed 
$10 for transmission charges, or $35 per 
horsepower year. 

Cost of labor Skilled labor about same, unskilled labor 

probably cheaper in Arizona. 

The Anaconda plant had a lower grade ore, containing about 30 per 
cent, less total copper than Ajo, but a smaller plant to amortize, longer 
estimated life, cleaner ore, much cheaper power, and by cycling differ- 
ently could have built up a stronger copper solution for electrolytic 
deposition than 1.9 per cent. Notwithstanding these advantages, the 
profits were evidently not enough to insure the popularity of electrolytic 
precipitation. The determination of the exact field to be occupied by 
each method of precipitation, as stated, is open to judgment of particular 
cases to a large extent. 

It is true that, should the advantages of ferric sulfate be not large for 
a particular ore, that the Bureau process of making acid, even with scrap 
iron precipitation assured, would have to compete with acid sold by 
chamber-acid plants. The cost of making acid is also within the limits 
of the figures given, as stated. In the cost of acid f.o.b. any locality, 
however, the cost of freight and profit for the acid plant (unless company 
owned) enter and $25 per ton is not an uncommon cost at some treatment 
plants. The minimum size of ore deposit that may be treated at a 


M Frederick Laist, F. F. Frick, J. O. Elton, and R. B. Caples: Electrolytic Zinc 
Plant of Anaconda Copper Mining Co., at Great Falls, Mont. Trans, (1920) 64, 699. 
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profit should be carefully studied before any process is adopted — we 
believe there is offered, however, a plant with a low first cost. 

Finally, an electrolytic plant is self-supporting in acid only in the 
rare cases when the ore treated contains enough copper sulfate to balance 
the acid dissipated by the acid-consuming constituents of the ore. 
Extraneous acid must then usually be added. The generation of ferric 
sulfate electrolytically should be credited with whatever voltage drop 
it may cause by depolarization. It should also be debited with whatever 
increase in voltage may be required in electrolyzing a colder solution, 
should this be necessitated by the addition of extra oxidizing agents. 
Any lowering in current efficiency from the same ferric sulfate that may 
occur should also be charged, it would seem, to anodic oxidation of ferrous 
sulfate. The experience at the Chuquicamata plant, at least, has been 
that both of these latter two charges should be made. 
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The Conductivity of Electrolytes Used in the Electrolytic 
Separation of Silver and Gold 

Bt F. F. C 01 .COKD,* E. F. KEBN,t New York, N. Y., and J. J. Mxjiii,iaAN,t 

East Chicago, Ind. 

(New York Meeting, February, 1926) 

The electrolytic separation of silver and gold has been practiced by 
the refineries in the United States for a good many years, and probably 
because of frequent visiting between officials of plants and the consequent 
exchange of views, operations in the various silver and gold refineries are 
very similar. We find, for instance, they practically all use electrolytes 
of approximately the same composition, which, no doubt, is more the result 
of experience than of studies of electrolytes. At the new electrolytic 
parting plant of the U. S. S. Lead Refinery, Inc., East Chicago, Ind., 
considerable attention has been given to the composition of electrolytes, 
especially to their conductivity and their effect on the character of the 
silver deposit. We are not aware that anything has been recently pub- 
lished on this subject and are, therefore, presenting such data as we have 
with the idea that, although it will not be wholly new, it may stimulate 
interest in the subject. 

Effect of Copper Content on Conductivity 

The first work was to determine the specific conductivity of silver 
nitrate and copper nitrate solutions. Concentrated solutions of silver 
nitrate and copper nitrate were prepared by dissolving analyzed 
chemically-pure salts in distilled water, and determining the silver 
and copper in each. Definite amounts of the concentrated solutions were 
taken, mixed and diluted to a definite volume. The silver and the 
copper were determined in each of these solutions and the conductivity 
was then determined. The plotted results are shown in Figs. 1 and 2. 
The effect of increasing quantities of silver and copper is readily seen. 
A comparison of the two sets of curves shows conclusively the benefit of 
holding the copper content of the electrolyte above 60 g. per liter, as its 
effect is to increase greatly the conductivity in an approximate propor- 


Vice President, U. S. S. Lead Refinery, Inc. 
t Professor, Nonferrous Metallurgy and Electrometallurgy, (Columbia Univer- 
sity. 

t Superintendent, U. S. S. Lead Refinery, Inc. 
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tion, one unit of copper to one and one-half unit of silver, in electrolytes 
containing from 30 to 60 g. each of silver and copper. 

An electrolyte composition of approximately 60 g. of copper and 60 g. 
of silver was adopted for the parting plant at East Chicago. This 
composition proved satisfactory in practice, both as to the conductivity of 
the electrolyte and the character of the silver crystals. The crystals 
were heavy and dense and the average voltage drop per cell was approxi- 
mately 3 volts. 



pjQ 1 — Specific conductivities of silver nitrate and copper nitrate solu- 
tions AT 25® C. (77® F.). 

Presence of Ammonia in Electrolytes 

It is commonly known that old electrolytes perform better than new 
electrolytes, and this was borne out by our experience. At first the char- 
acter of the deposit varied in different cells, but in the course of time like 
deposits were obtained. It was then discovered that the electrolyte con- 
tained a considerable quantity of ammonium nitrate. Two samples 
taken after the electrolyte was in use four months showed 19,36 g. and 
17.29 g. of ammonia per liter. 
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The question arose as to why ammonia was present. The usual 
reactions when copper or silver or silver-copper alloys are dissolved in 
fairly concentrated warm nitric acid solutions, and the acid is in 
excess, are: 

3 Cu -I- 8 HNO, = 3 Cu (NOs)* -F 2 NO -f- 4 H»0. 

3 Ag -f 4 HNO, = 3 AgNO, -|- NO -I- 2 H,0. 



Fig. 2. — Specific conductivities of silver nitrate and copper nitrate solu- 
tions AT 25° C. (77° F.). 

The reactions, however, are very different if the metals are in excess 
and the nitric acid solutions are dilute, and not heated; under these 
latter conditions ammonium nitrate will be one of the products, as shown 
by the foUowing reactions ; 

4 Cu ■+• 9 HNO, = 4 Cu (NO,), + 3 H,0 + NH, 

8 Ag -f 9 HNO, = 8 AgNO, + 3 H2O -f NH, 

NH, -f HNO, = NH4NO, 

As a rule it is not possible to have reducing conditions with such a 
strong acid as nitric acid, but when the metal is in great excess, and the 
acid is comparatively dilute, ammonium nitrate will be produced.* The 

» Reference to this reaction is given in Prescott & Johnson’s “Qualitative Chemical 
Analysis'’ under Division 6, Reactions A, With Metals, Part III, Nitric Acid. 
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second set of reactions seemed to explain the presence of ammonia in the 
electrolyte, as it was the practice to add daily small quantities of nitric 
acid to the electrolyte. 

Epfect op Ammonium Nitrate on Conductivity op Electrolytes 

It was also noted as the electrolyte became aged that its conductivity 
increased and the next tests were run to see if ammonium nitrate was the 
reason thereof. Concentrated silver nitrate and copper nitrate solutions 



Orams NH4HO3 per LVfer 

Fig. 3. — Specific conductivities of silver and copper nitrate solutions with 
ADDITIONS OP ammonium NITRATE. 


Solution 

Grams per Liter 

Spedfio 

Ag 

Cu 

NH4NO1 1 

NHi 

Gravity 

ii-0 

60 

60 

0 

0 

1.218 

A-1 

60 

60 

47 

10 

1.233 

A-2 

60 

60 

117.5 

25 

1.260 

A-3 

60 

60 

188 

40 

1.280 

B-0 

60 

40 

0 

0 

1.172 

B-1 

60 

40 

47 

10 

1.191 

B-2 

60 

40 

117.5 

25 

1.214 

B^ 

60 

40 

188 

40 

1.239 

C-0 

40 

40 

0 

0 

1.145 

C-1 

40 

40 

47 

10 

1.163 

C-2 

40 

40 

117.5 

25 

1.191 

C-8 

40 

40 

188 

40 

1.215 
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were made up as for the first test, and the ammonium nitrate solution was 
prepared by dissolving a weighed amount of chemically pure salt in 
distilled water. Definite amounts of the concentrated solutions were 
taken and then mixed and diluted to a definite volume. The silver and 
copper were determined in these solutions, but the ammonia was not, as 
the dry chemically-pure salt was used. The conductivity of these solu- 
tions was then determined. Fig. 3 shows the results. 

The results showed conclusively that the presence of ammonium 
nitrate greatly increases the conductivity of silver-copper nitrate parting- 
plant electrolyte, and that its effect upon the conductivity is the greatest 
when the copper and silver content of the electrolyte is the lowest. With 
165 g. of ammonium nitrate, equivalent to 35 g. of ammonia per liter, the 
variation in the silver and copper content does not affect the conductivity 
as indicated by the crossing of the curves. In this respect, the presence 
of the ammonium nitrate in silver-parting electrolytes acts similarly to 
free acid in copper, zinc, lead and tin electrolytes. 

Tests on a Commercial Scale 

It was then decided to test this effect of ammonium nitrate in regular 
operations. Two cells were taken and new electrolyte of approximately 



Da-Ve 

4, CuBVBS SHOWING VOLTAGE PROP AND COMPOSITION OF BLBCTBOLTTfiS USED 

IN TESTS or THE EFFECT OF THE PRESENCE OF AMMONIA 

tlie itame composition was made for each. These cells were then put into 
operatioui and parallel conditions were maintained as nearly as 
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possible on a commercial scale. The electrolyte in the two cells varied 
from day to day principally because of the copper in the anodes, but by 
additions of silver nitrate or copper nitrate they were brought back to 
approximately the same composition. To one of the cells, ammonium 
nitrate was added from time to time and the amount of ammonium nitrate 
present was checked by analysis of the electrolyte for ammonia; the 
results are shown at the bottom of Fig. 4. NS indicates no sample was 
taken for NH 3 determination on the dates specified. The temperature 
and specific gravity of the electrolyte and voltage-drop readings of the 
cells were taken regularly. The character of the deposit was also 
recorded. The voltage-drop readings and the composition of the 
electrolyte were plotted as shown in Fig. 4. 

It will be noted in Fig. 4 that the copper content of the electrolyte was 
maintained fairly constant throughout the test, but that the silver 
content varied considerably. This variation in silver content was due to 
the copper content of the dore’ anodes and to the operating conditions 
under which the tests were conducted ; but the silver content as well as the 
copper content as between the two cells was practically the same. The cells 
are the flat type. 

The copper-plus-silver content of the electrol 3 d;es shows a gradual 
increase as the tests proceeded. It will be noted that as the copper-plus- 
silver content increased, the resistance of the cells was reduced, which 
is shown particularly by the voltage-drop curve of the cell to which no 
ammonium nitrate was added. The curve for the cell to which ammo- 
nium nitrate was added clearly shows the effect of ammonium nitrate in 
decreasing the resistance. It also shows that after 35 g. of ammonia per 
liter were present in the cell, the difference in voltage drop of the two cells 
was fairly constant. In other words, beyond 35 g. of ammonia per liter, 
there is no beneficial effect from the ammonium nitrate in so far as 
conductivity is concerned. 


Effect on Character of Silver Crystals 

The presence of ammonium nitrate apparently had an effect on the 
crystalline character of the deposited silver, but not to such an extent as 
a variation in the amounts of silver nitrate and copper nitrate in the 
electrolyte. When the silver was below 40 g. per liter the deposit was of 
a fine crystalline nature; and when the silver content was under 35 g. per 
liter the crystalline formation was very fine. The effect of ammonium 
nitrate was to cause the formation of more compact and shorter crystals, 
and was more apparent as the silver content of the electrolyte was low. 
At times the crystals tended to form very compactly and to adhere to the 
cathodes. The results indicated, however, that with high-copper and 
high-silver content (each above 50 g. per liter), the presence of ammonium 

VOL. LXXIII. — 8. 
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nitrate has a beneficial effect on the character of the silver crystals, 
causing them to form larger and restraining the for^nation of long crystals. 

Laboratory Tests of Effect on Silver Crystals 

Work was resumed in the laboratory to study further the effect of 
ammonium nitrate on the character of the crystals, as better control is 
possible there than in commercial-scale tests. Five electrolytes were 
prepared by dissolving the pure salts of silver nitrate, copper nitrate, and 
ammonium nitrate in water and diluting so as to give solutions having 
the compositions as follows: 


Solution 

AgNOs 

Grams per Liter 

Cu(N08)2.3H20 

j NIDNOi 

Grams Equivalent per Liter 1 

Ag Cu Nils 

Specific 

Gravity 

I 

1 

79 



50 



1 070 

II 

79 

230 


50 

60 


1 215 

III 

79 

230 

1 S3 

50 

60 

17.5 

1 248 

IV 1 

79 , 

230 

! 165 

.w 

60 

35 

1 275 

^ i 

79 

230 

215 

j 50 

60 

45 

1 300 


Table 1. — Results of the Laboratory Tests 


Voltage Drop between Electrodes, 2 5 In. Apart, Volts 


x^eriou oi j. esi 

Cell I 

Cell II 

Cell III 

Cell IV ! 

1 

Cell V 

1 eiiipera- 
ture, ° C. 

Start 

3.20 

1 20 

0 80 

0.65 

0.54 

21 

4th hr 

3.19 

1 18 

0 79 

0 64 

0.53 

24 

8th hr 

3.19 

1 18 

0.79 

0 64 

0.53 

26 

12th hr 

3 20 

1.20 

0.82 

0 65 ' 

0 54 

23 

16th hr 

3.19 

1 19 

0.80 

0 64 

0 54 

25 

20th hr 

3.20 

1 21 

0 82 

0 66 

0.56 

23 

24th hr 

3.20 

1 20 

0 80 

0.65 ! 

0.55 

i 26 

28th hr 

3 25 

j 1.21 

0.83 

0.67 1 

0 57 

I 23 

32nd hr 

3.22 

i 1.20 

1 0.82 

i 0 66 ! 

0 56 

26 

36th hr 

Stopped jtest 

1 

1 

1 

I 


1 

Current efl&ciency, per 



1 

j 




cent 

83 

98 

98 

1 ! 

98 1 

1 

98 

1 



Specific Gravity of Electrolytes 


Cell j 

I I 

■■ i 

III IV 


Start 

1.070 

1.070 

1.215 

1.215 

1.248 

1.245 

1.275 

1.270 

1.300 

1.296 

Finish j 
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Pure cast-silver anodes and sheet-silver cathodes were used. The 
latter were coated with a film of oil so as readily to permit the removal of 



X2.5. X60. 

Fio. 5. — Silver crystals formed in electrolyte containing 50 gm. silver per l. 

Electrolyte I. 



X2.5. X20. 

Fig. 6. — Silver crystals formed in electrolyte containing 50 gm. silver and 

60 GM. COPPER PER L. ELECTROLYTE II. 


the deposited crystals of silver at periods of about 4 hrs., in the case of all 
except the deposits formed in solution I., from which the cathode crystals 
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were removed at about 1-hr. intervals to prevent short circuiting. The 
anodes and the cathodes were suspended 2}4 in. apart in beakers holding 
600 cc. of the electrolyte. 

The current density selected was 32 amp. per square foot of exposed 
electrode surfaces, and the temperature of the electrolytes was between 
20® and 26® C. The duration of the test was 36 hr. The voltage drop 
between the electrodes was measured at the start of the 4-hr. periods, 
after the electrodes were stripped of the deposited silver crystals. Table 1 
gives the data. 

The difference in the weights of the cathode silver and the loss in 
weights of the anodes gave the weight of the anode residue as about 0.4 



X2.5. X20. 

Fig. 7. — Silver crystals formed in electrolyte containing 50 gm. silver, 60 
GM. copper and 35 GM. AMMONIA AS NITRATES PER L. ; ElECTROLYTE IV. 


per cent, in the case of anode I, and about 0.6 per cent, for anodes II 
III, IV, and V. 

The character of the cathode silver was as follows : 

Cell I. ^Long slender branching needles, which rapidly grew towards 
the anode, and unless pushed back to the cathode would short-circuit the 
electrodes within an hour. 

Cell II. Short thick single and dendritic crystals which formed close 
to the cathode. An occasional dendrite would slowly grow towards the 
anode, but in no case caused short circuiting of electrodes in the 4-hr. periods. 

Cell III. Heavier thick crystals than those formed in cell II; the 
tendency of the crystals was to form compactly. 
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Cell IV. — Heavier crystals than those formed in cell III. The 
dendrites which formed on the edges of the cathode, had a tendency to 
turn back toward the surface of the cathode; the crystals in general 
were compact and short. 

Cell V. — The crystals were similar to those formed in cell IV but in 
general were more compact and of smaller size; the dendrites on the edges 
of the cathode formed close to the surface. 

The anode residue which formed in cell I was of lighter color than that 
which remained on the anodes in cells II, III, IV and V; in each test it 
was removed from the anodes when the electrolyte was stirred. 

The character of the silver crystals just mentioned is more clearly 
shown in the photomicrographs (Figs. 5, 6 and 7). 

Conclusion 

The conclusions deduced from the results of the test conducted in the 
plant and in the laboratory are as follows: 

A. The conductivity of the electrolyte depends upon the silver and 
the copper content; and the higher the silver and copper content within 
limits, the greater is the conductivity. 

B. Copper in the electrolyte is more effective than silver in increasing 
the conductivity. 

C. The presence of ammonium nitrate materially increases the con- 
ductivity of the electrolyte. 

D. The effect of ammonium nitrate on the conductivity of the 
electrolyte reaches a ma.ximum when about 165 g. of ammonium nitrate 
per liter is present, equivalent to about 35 g. of ammonia. 

E. A low-silver and low-copper content of the electrolyte causes the 
silver to deposit as fine crystals. With very low-silver content the 
deposited crystals will either be finer or will assume a long slender branch- 
ing needlelike form. 

F. The greater the amount of silver in the electrolyte, up to about 60 
g. per liter, the coarser the crystal formation becomes, if copper is present; 
and with an increase of the copper content, up to 80 g. per liter, the coarser 
and more compact will be the crystal formation. 

G. The presence of ammonium nitrate has a tendency to change 
the crystalline character of the deposited silver causing it to form more 
compactly in electrolytes that contain between 40 and 60 g. each of silver 
and copper per liter. 


DISCUSSION 

W. Blum,* Washington, D. C. (written discussion). — This paper is an 
evidence of the increased interest in recent years in the p roperties of 

* Chemist, U. S. Bureau of Standards. (Discussion submitted through H. W. 
Gillett.) 
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solutions used in electrolytic refining. Because of this interest, attention 
may be called to a few points for future consideration, rather than as a 
criticism of the present work. 

The measurement and recording of conductivities in terms of the 
actual metal concentrations, lead to the entirely valid conclusion, that 
for equal metal contents, copper nitrate has a much higher conductivity 
than silver nitrate. It obscures however the far more significant fact 
that for equivalent concentrations, silver nitrate has a higher conductivity 
than copper nitrate. At first thought it may appear that in refining we 
are interested in the actual and not the equivalent metal concentrations. 
Analyses so reported however give no true indication of the changes 
produced in an electrolyte during electrolysis. If copper and silver both 
pass into solution from an impure anode, and silver only deposits, the 
copper replaces part of the silver in the solution, not gram for gram, 
but in equivalent proportions, i. e. 31.8 gm. Cu for 108 gm. Ag. As a 
first approximation, therefore (unless free acid is present and is reduced 
in concentration during electrolysis), the total equivalent content of 
metal in the solution remains constant. The conductivity data should 
prove more useful if they represented the change in conductivity w'hen 
successive portions of the silver, in e. g. AT AgNOs, are replaced by equiva- 
lent amounts of copper. The same considerations may be helpful in 
connection with the effects of iron and nickel in copper refining baths. 

It is generally recognized that formation of ammonia in the electrolysis 
of nitrate solutions is caused by cathodic reduction. This reaction is 
the basis of piethods for the electrolytic determination of nitric acid. 
The equations on page 110 therefore probably have no direct relation to 
this cathodic formation of ammonia, and may even lead to the erroneous 
conclusion that the ammonia is formed at the anode where the metals 
pass into solution. 

The observation of the authors that the presence of ammonium nitrate 
caused the formation of finer crystals of silver, might be predicted by the 
fact that the addition of a common ion (nitrate) reduces the metal ion 
concentration and increases the cathode polarization. 

E. F. Kern (written reply to discussion). — It is obvious ^Hhat for 
equivalent concentrations, silver nitrate has a higher conductivity than 
copper nitrate,’^ but what really concerns the electrolytic refiner is not 
only to use an electrolyte which possesses high conductivity but at the 
same time one yielding a satisfactory cathode deposit, which is most 
desirable. As has been shown by the results reported in the paper, the 
presence of copper (even though its solution does not possess as high 
conductivity as silver solution of equivalent concentration) does act 
beneficially in not only causing more desirable silver crystals to form, 
but it also enables an electrolyte containing a small amount of silver to 
j>ossess very high conductivity. In reahty, these are what most interests 
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the electrolytic refiner of silver. However, if anyone desires to compare 
the equivalent conductivities of copper nitrate and silver nitrate solutions, 
the curves of Figs. 1 and 2 can be immediately utilized without any 
trouble; for example: 


Normality 

Gm. per L. 

Conductivity Mho per C. C. 

3N/4 Ag 

81 0 Ag 

1 

Approximately 0.065 

N/2Cu . . 

15 9 Cu 

i Approximately 0.036 

N/2 Ag . 

1 54.0 Ag 

j Approximately 0 . 047 

N/4Cu . . 

. 1 8 

Cu 

i Approximately 0 02 

N/4Ag . . 

.! 27 

1 

Ag 

Approximately 0 . 028 


So anyone familiar with, and who prefers to express concentrations of 
electrolytes in terms of fractional normalities, can rapidly translate 
grams per liter” into fractional normality” by dividing grams of 
copper per liter by 31.8, and grams of silver per liter by 108. 

It would mean little to the operator of a refining plant to express 
concentrations of electrolytes in terms of fractional normalities, as from 
day to day the metal content of electrolytes vary greatly; besides, the 
metals in the electrolytes are reported by the laboratory as “grams per 
100 c. c.,” “grams per liter,” or “percentage and sp. g. of the solution.” 
It would be far more difficult for the plant operator to figure the metal 
tie-up in the electrolytes from the fractional normality of the solutions, 
than for the scientifically trained man to translate “grams per liter” 
into normality. As a matter of fact, the electrolytic refiner is “interested 
in the actual, and not in the equivalent metal concentrations.” It 
would be extremely confusing for him to make his reports of the electro- 
lytes as having a stated fractional normality, instead of so many grams 
per liter. For example: an electrolyte which contains 68 gm. copper 
and 38 gm. silver per 1. has a normality of 2.138 + N. Cu, and 0.352 N. 
Ag. (or 68 N/31.8 N. Cu, and 38 N/108 Ag.). Further: the refiner knows 
that for each unit of copper which the anodes contain, he must supply 
to the electrolyte 3.4 units of silver in the form of silver nitrate, which 
he prepares by chemically dissolving metallic silver, either by adding 
a calculated amount of nitric acid to the electrolytic tanks, or else by 
digesting metallic silver in dilute nitric acid and adding the resulting 
solution to the electrolytic tank. I cannot realize how normality values 
can aid the refiner. 

With respect to the formation of ammonium nitrate in the electrolyte, 
I believe that it is formed electrolytically by evolved hydrogen at the 
cathode, and also by the reaction shown by the equation on page 110, the 
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ammonia which is formed in the cell by direct chemical action is not 
‘‘formed at the anode where the metals pass into solution^’ but at the 
cathode by the free nitric acid added to the cell to form silver nitrate by 
the dissolving of cathode silver crystals, and by digesting an excess of 
metallic silver in dilute nitric acid. 

F. R. Pyne, Perth Amboy, N. J. — I used sodium nitrate to increase 
conductivity. The increase was due, in my opinion, to the increased 
velocity of the sodium ion over that of the copper and silver. We also 
found that the deposit became quite dense and when we added it in 
excessive quantities, we had great difficulty in scraping the deposit off 
the carbon plate. Probably the cause of that is that the nitrate depresses 
the dissociation of the silver and perhaps gives a more matted deposit. 

As the paper states, those who have had experience in electrolytic 
silver know that the older the electrolyte the better it seems to work. 

E. F. Kern. — Mr. Pyne used sodium nitrate a number of years ago 
at the time that I tried potassium nitrate and practically confirmed the 
results. I do not know which came first, his or mine. Even with potas- 
sium nitrate the effect was to give a finer crystalline form than this exact 
form. I do not think there would be any great harm in the deposit 
forming in the plates impregnated with paraffin. The impregnation of 
the cathode with paraffin does not affect the conductivity of those plates 
to any great extent. 

F. R. Pyne. — In addition to the sodium nitrate I tried at one time 
adding sulfuric acid which greatly increased the conductivity but the 
silver came down so dense it almost had to be chiseled off. 

S. Skowronski, Perth Amboy, N. J. — Ammonium nitrate is not 
necessarily formed in the electrolyte during the refining of silver. With 
a neutral electrolyte ammonium nitrate will not form. It is the nitric 
acid which the authors added to the bath which caused the formation 
of ammonium nitrate. With silver anodes containing tellurium or 
bismuth as impurities, the addition of nitric acid is not to be recom- 
mended as these impurities will become soluble under the acid condition 
and will contaminate the cathode deposit. For this reason it is the usual 
custom to add silver nitrate to the electrolyte rather than nitric acid, 
keeping the silver contents not below 60 gm. per 1. The addition of 
silver nitrate is necessary to keep up the silver content of the electrolyte, 
due to the fact that other impurities dissolve at the expense of the silver 
in the anode. For example, for every part of copper present in the anode, 
three parts of silver will deposit out of the electrolyte, hence if an appreci- 
able amount of copper is present in the anodes the electrolyte will rapidly 
deplenish in silver content. 

In the usual process of silver refining the anodic reaction is basic and 
the slime usually contains from 20 to 25 per cent, of copper present as a 
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basic nitrate. The cautious addition of nitric acid to the anodic com- 
partment will dissolve this basic nitrate without the introduction of free 
nitric acid in the electrolyte. 

From the point of view of power saving the addition of ammonium 
nitrate is not essential. Lower voltage, however, gives a better cathode 
deposit and less chance of contamination of the refined silver with impuri- 
ties. Under certain conditions with high voltage, even with a neutral 
electrolyte, some of the palladium present in the anode will dissolve and 
contaminate the silver deposit. 

E. F. Kern. — It may be well to present the method which was used 
for the determination of the ammonia in the electrolytes, which is rather 
simple: From 10 to 25 c. c. of the electrolyte, or its equivalent in weight, 
is placed in an ordinary 250-c. c. distilling apparatus with water-cooled 
condenser, similar to that used for the determination of arsenic. The 
solution in the distilling flask is thoroughly neutralized with strong 
caustic solution and an excess added. The ammonia is distilled and the 
distillate collected in a 0.3 normal sulfuric acid solution. When large 
quantities of ammonia are distilled it is important to cool the receiver which 
contains the 0.3 normal sulfuric acid solution, or have it surrounded by 
running cold water to assure the entire collection of the ammonia as it is 
distilled over. After the distillation is complete, the excess sulfuric acid 
is titrated with 0.3 normal caustic solution, and the ammonia calculated 
from the amount of sulfuric acid which it neutralized. Results by this 
method were checked in the plant laboratory and by Mr. Chapman of 
the Indiana Laboratories, Hamond, Ind., on synthetic solutions, which 
wore made by adding ammonium nitrate to some of the electrolyte. The 
results of the check determinations checked exceedingly close, showing 
that the method gives good results. A preliminary distillation and 
titration are sometimes run, in order to determine the approximate amount 
of 0.3 normal sulfuric acid solution necessary to collect the distillate. 

H. H. Alexander, Westfield, N. J. — Dr. Kernes statement covering 
the amount of copper in the electrolyte is very important. When we 
first started the electrolysis of silver, it was considered advisable to keep 
the copper in the electrolytes low — as I recall, not over 15 or 20 gm. 
Holding the amount of copper to such a low figure required the removal 
of too much solution, and it was allowed to build up in the electrolyte. 
We found when the copper content were between 60 and 70 gm., better 
results were obtained. 

E. E. Dieffenbach, Newark, N. J. — In the Balbach plant we never 
looked for ammonia in our solutions. While our deposit of silver almost 
always came in large crystals, it never came in such large crystals as 
Prof, Kern shows in the bottles. It is well known that copper helps the 
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deposition of silver. A little copper in solution will give a nice gold 
deposit on the cathode. 

E. F. Kern.— I n dor4 there is considerable selenium, but by adding 
nitric acid to the cell direct there is no trouble in any way. 

S. Skowronski. — In the reduction of the slime in the cupel or dor(5 
furnaces, the selenium is far more easily removed than the tellurium, and 
with a slime assaying high in tellurium a small amount of tellurium 
remains with the dor6 silver, whereas selenium is seldom if ever found 
in this metal. 

E. E. Dieffenbach. — If you do not get dor^ free of selenium, the 
deposit of silver in the tank of copper is like a black mud. In other 
words, it does not deposit nice, gray, metallic, bluish crystals. You 
have to take it out in baskets. To make a good sulfuric acid parting, 
you must get rid of selenium. 

E. L. Jorgensen, Irvington, N. J. — My experience has been similar. 
By boiling a little longer the selenium can be driven out. There will be 
a red deposit of selenium in sulfuric acid parting, and you will be able to 
get the clean-cement silver just the same. 
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Improvements in the Series System of Electrolytic Copper 
Refining Recently Developed by the Nichols Copper Co. 

By M. H. Merriss*, New York, N. Y. 

(New York Meeting, February, 1920) 

In the last few years, there have been cleveloped at the plant of the 
Nichols Copper Co., Laurel Hill, Borough of Queens, New York City, 
improvements in electrolytic copper refining by the series system that 
have materially increased the flexibility and economy of that system. 
The purpose of this paper is to discuss, as of interest to refiners and to 
those who have copper to refine, as well as to the engineering profession 
in general, the changes that have taken place resulting in wider applica- 
tion and increased efficiency of the series system. 

Copper is electrolytically refined in two ways, which are spoken of as 
the ^‘multiple system” and the ‘^series system.” In both systems, the 
electrolytic tanks arc in series electrically. In the multiple system the 
electrodes in a single tank arc in multiple or in parallel, thus: 


In the series system, the electrodes in a single tank are in scries, thus: 



There are two important adaptations of the series process, one repre- 
sented by the Series electrolytic tank room at the Baltimore Copper, 
Smelting & Rolling Co., Baltimore, Md., and the other by that of the 
Nichols Copper Co/s plant. At Baltimore, the anode is rolled to perfect 
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124 THE SEBIES SYSTEM OF ELECTROLYTIC COPPER REFINING 


smoothness and uniform thickness, cut into small rectangular pieces, 
framed with grooved wooden strips and supported in the tanks with a 
wooden frame, which also determines with precision the distance between 
anodes. The dimensions of the finished framed anode are 22 by 24 
by ^6 therefore its weight is comparatively low and the tanks com- 
paratively small. The tanks are loaded and unloaded by hand, the 
anode being of a convenient size for this purpose; there are no cranes in 
the tank room, and this adaptation of the series system does not lend 
itself, as far as the tank room is concerned, to mechanicalization. 

Quite different is the ''Nichols series” process, as it may be conveni- 
ently called for the sake of brevity, and it is this adaptation of the series 
system that it is the purpose of this paper to discuss. The anodes are 
much larger, being about 54 by 12 by in. They are cast upon a 
circular casting machine and are sufficiently smooth and uniform in 
thickness, so there is no necessity of rolling. They are hung in tanks by 
means of cranes and are removed in the same way. More details of the 
process are given later. Having thus briefly outlined the essential differ- 
ence between the multiple and series systems and having stated the out- 
standing divergencies between the two present adaptations of the series 
system, it may be of interest to give a summary of the historical develop- 
ment of electrolytic copper refining, with special reference to the kind of 
installation chosen in each case. 

Historical 

The original electrolytic copper refinery in the United States was that 
of the Balbach Smelting & Refining Co., which, about 1883, installed a 
small multiple system patterned along the lines of refineries in operation 
at that time in Germany, Some time thereafter small multiple plants 
were erected at Baltimore, Md., at Pawtucket, R. I., and in Montana. 
About 1890, Hayden developed his process in Bridgeport and shortly 
thereafter was engaged to install it at the Baltimore plant. The Balti- 
more series plant started operation in the fall of 1891. About 1892, 
the Nichols Copper Co. started a small refinery using its present system. 
About 1895, a multiple plant was erected at Maurer, N. J., somewhat 
similar to the Balbach one, but with trolleys for handling copper into 
and out of the tanks. That a multiple installation was chosen seems to 
have been due largely to the fact that the copper to be treated was very 
impure and high in silver. Individual busbars were used on the sides of 
each tank, so that the copper tie-up in busbars per pound of copper out- 
put was high. A few years later (1902) Arthur L. Walker developed 
his "multiple-series” tank room; by placing a number of tanks side by 

1 H. O. Hofman and Carle R. Hayward: “Metallurgy of Copper, 396. McGraw- 
Hill Book Co., New York, N. Y., 1924. 
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side he eliminated the heavy copper busbar, except on the end tanks, 
substituting a small bar of triangular section between the intermediate 
tanks. This arrangement materially reduced the amount of copper 
required for busbars and also decreased the loss of voltage between tanks. 
Professor Walker^s idea was so successful that the tank room of the 
Raritan ('opper Works, which had been built meanwhile along the old 
lines, was remodeled, using the small triangular distributing bars. (Coin- 
cident with the introduction of the Walker method, traveling cranes were 
introduced; but, up to this time and for many years thereafter, all the 
tank room operations in both series systems were by hand, there being 
no crane work of any sort. 

Shortly after this, when refineries were erected at Chrome and 
Tacoma, it was natural to put in the multiple system inasmuch as con- 
siderable study had been devoted by copper refining metallurgists to the 
proper construction, mechanicalization and operation of multiple tank 
rooms, resulting in material improvements in them. On the other hand, 
no new series plants had been erected, it being generally understood that 
the series system was comparatively underdeveloped. Furthermore, 
it was believed that the multiple system was much more flexible and 
applicable to a iniudi greater variety of coppers than the series system, 
especially coppers containing high antimony, high lead, and high silver. 
This was largely due to the fact that it had been found impossible, at 
Baltimore, to roll an anode satisfactorily unless it was very pure. Some- 
what similar considerations doubtless influenced the erection of the 
Baltimore multiple refinery and the new Great Falls refinery, reenforced 
by the additional argument of the increased rates for labor at that time, 
which precluded the use of a tank room without labor-saving devices. 
The interchange of ideas between large numbers of engineers engaged in 
constructing and operating these multiple plants resulted in developing 
the multiple system intensively, as well as giving these developments 
wide publicity. This created the impression that the refining art, as 
practiced by those using the series system, was standing comparatively 
still, or at least that its progress was much slower, it being generally 
recognized that refiners operating series installations kept more to them- 
selves. The point to be stressed is that for various reasons — some of 
which have been indicated above — the series system did not receive the 
same intensive and constructive study by the engineering fraternity as a 
whole as had been applied to the multiple system. 

At the same time, due to original excellence of design and to funda- 
mental advantages of its system, the Laurel Hill plant, guided carefully 
by such men as Dr. W. H. Nichols, Dr. J. B. F. Herreshoff, J. B. Herres- 
hoff, Jr., and W. C. Ferguson, maintained its competitive position, pro- 
ducing (for many years on the largest scale of any refinery) electrolytic 



126 THE SERIES SYSTEM OF ELECTROLYTIC COPPER REFINING 


copper of such high grade as quickly to attain a reputation for unexcelled 
quality, which has ever since been maintained. 

The Nichols System 

A general outline of the copper refinery of the Nichols Copper Co. 
at Laurel Hill, Long Island, has been published elsewhere.^ Stripped to 
its essential metallurgical steps, and without reference to dimensions or 
methods of handling, the Nichols series system is as follows : 

A smooth anode of uniform thinness is cast, and five of these are sus- 
pended from an iron hanger bar, making a “row.^^ These rows are 



Fig. 1. — Suspension op anode units in mastic-lined tanks. 

accurately spaced in tanks much deeper and wider and somewhat larger 
than other copper refining tanks (see Fig. 1). At a given period, the 
spacing may be such that about 100 to 125 rows are placed in a tank. 
Current is introduced at one end of the tank and travels from row to row 
through the electrolyte, dissolving copper from one side of each row and 
depositing it upon the adjacent side of the next row. In other words, 
each tank is really from 100 to 125 depositing ‘‘cells,” or electrolytic 
units. Starting sheets, as used in the multiple system, are eliminated; 
spacing can therefore be much closer; and large yields are obtained per 
unit of power and per square foot of tank area, building area, and land. 
There are no double or triple pullings of cathodes per anode, and no 
multiplicity of contacts to be kept clean. Both of these facts result in a 
considerable reduction in number of men employed. 

2 The Smelter and Refinery of the Nichols Copper Co. Eng. & Min. Jnl. Pr 
( 1925 ) 119 , 290 . 
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When all but 8 to 10 per cent, of the anode has been converted into 
cathode, the electrodes are removed from the tank and the remainder of 
the anode is stripped off. The ''backs,'' or anode remains, return to the 
anode furnaces, while the cathodes, long and narrow, arc charged down 
chutes into melting furnaces preparatory to molding into wirebars and 
other merchant shapes. The shape and thinness of the cathodes are 
ideally adapted to such a method of charging, which saves time, labor, 
and furnace repairs, as well as altogether eliminating charging machines, 
and admission of unnecessary false air. 

Anode Department 

The anode is long, narrow, cast by hand, and delivered to the ^^assem- 
bly" or "preparation" department in piles on small industrial cars. 
The furnaces are efficient but not large. The anode is intensively refined 
in these furnaces, its "set" being very nearly equal to that of wire-bar 
copper. Its copper content is at least 99.20 per cent, and often runs up 
to 99.60 per cent. It is certainly the best anode produced today from a 
physical standpoint, being absolutely free from blisters, fins, splashes, or 
edges of any kind, and extremely uniform in thickness. In spite of 
these facts the cost of its production is only slightly in excess of the cost of 
producing multiple anodes, whereas the expense of rolling (deemed neces- 
sary in the other series process) is entirely eliminated. 



Fig. 2. — Machine for punching lugs Fig. 3. — Rack cars for assembled 

IN ANODES. ANODE UNITS. 


Assembly or Preparation 

Up to very recent years, each anode was taken from its pile on the 
industrial cars, straightened, punched, brushed to remove loosely adher- 
ing scale, painted, and returned to a similar pile on an industrial car, all 
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by hand, and then pushed into the tank room. This meant 100 per cent, 
hand labor, involving the repeated liftings, handling, turning over, etc., 
of a 90-lb. piece of copper. This procedure has been supplanted by the 
largely mechanicalized operation depicted in Figs. 2, 3 and 4. 

The anode is now taken from its pile; straightened, if necessary, by a 
couple of taps with a hammer; punched; and pushed on to a set of con- 
veyor rolls pitched at just the right angle to carry it down to a set of 
horizontal rolls wide enough to receive five anodes. Those rolls consti- 


Fig. 



4. — Tilting table for anode assembly. 


tute a tipping table, which can be turned to a vertical position at the will 
of an operator, who stands at its head attaching the unit of five anodes to 
an iron hanger bar by means of ten copper rings. From the vertical 
position, the unit is lifted by an air hoist and set in a rack car, where it is 
sprayed on the set side with a resinous soap emulsion. The rack cars, 
each representing one-sixth of a tank, are pulled in long trains to their 
destination in the tank room by storage-battery locomotives. 

The object of the resinous spraying (or painting, as it is called) is 
to facilitate the subsequent stripping of the remains, or backs,'' of the 
anode from the deposited cathode. Much work has recently been done 
in the determination of the exact temperature of anode at which it is 
best to paint, resulting in greater ease of stripping. The paint itself 
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has been the subject of careful study, with the result that its composition 
as well as its manner of application have been simplified and cheapened, 
with an actual betterment in stripping conditions. 




-piQ, 6. — Cranbless tank room and wooden tanks. 


Tank Room 

When the piles of painted anodes had been pushed into the tank room 
and into position alongside of the tanks, they were formerly hoisted 
by hand over the sides of the empty tanks, received by a man standing 
down in the tank, and hung individually from the iron bars. As the tanks 

▼OL. uonn. — 0. 
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are about 5 ft. deep the arduous nature of the labor required can well be 
appreciated. When the tanks were to be unloaded, the process was 
reversed. With the thinner anode formerly used and with low labor 
rates, these hand oi>erations were economical but the labor scarcity and 
higher wages of the war period led to the installation of cranes. Figures 
5 and 6 illustrate the difference between the old craneless'' tank room 
and the present mechanicalized operations. The cranes have been 



Fig. 7, — Crane hoisting assembled anodes. 

installed in the tank-room building just as it originally stood, with trans- 
fer bays so that a single crane can serve many bays. The rack cars 
are now run in on tracks between the tanks, and the crane, by means of a 
lifting frame, hoists one-sixth of a tank of anodes and charges them into 
the tanks (see Fig. 7). The same procedure is followed in unloading the 
tanks. As a result there have been important labor savings. Further 
mechanicalization in general tank-room layout is contemplated. 

Concrete Tanks 

Perhaps the most imp)ortant single development in the Nichols proc- 
ess has been the design and installation by the staff at Laurel Hill of a 
reenforced-concrete tank to replace the wooden tanks formerly used. 
In both cases, the actual tank lining is an asphalt mastic, which both 
insulates the tank from electric current and protects it from corrosion by 
the tank^room electrolyte running high in sulfuric acid. The wooden 
tanks lasted about 7 years, when loaded by hand. The oldest concrete 
tank was built about 1913-14 and is still in good condition; others, now 
from 3 to 6 years old, have never shown leakage. It is believed that, as 
long as the proper attention is given to the composition and installation 
of the mastic lining and to keeping this lining in good condition by regular 
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attention, the concrete tanks will have an indefinite life. In addition, 
the reenforced-concrete construction of the tank makes it much more 
rigid than a wooden tank. This is of importance now that tank loading 
and unloading is by means of cranes, involving considerable stress on the 
sides of the tanks when anodes are lowered into place. At the same time, 
the concrete tanks have been lengthened, making them more than double 
the size of the wooden tanks, resulting in circulation and labor economies, 
as well as cheapening tank repairs. The temperature of the electrolyte 
varies from about 122® to 132® F. in the receivers,^’ or heating reservoirs, 
and from about 117® to 125® in the mastic-lined tanks. At these tempera- 
tures, the mastic lining used, which is a blend of asphalt and blown oils, 
has remained hard and unattacked. Elimination of lead tank linings 
saves not only the capital necessary for such a large lead tie-up, but more 
especially the heavy lead-burning tank repair costs common in other 
refinery practice. 

Power Consumption 

Much has been said about the relative power consumption in the series 
and multiple systems of refining copper. The facts with respect to the 
Nichols series process are best shown by the following figures, representing 
actual operating results of five successive years at Laurel Hill : 


CURRKNT DbNBITT, 
Aiip. PSB Sq. Ft. 

18.3 

17.0 

17.1 

17.4 
19 5 


CoppKR Deposited, 
Lb. peb Kw.-dat 

307 

345 

373 

354 

328 


Average, 17.9 341 

These figures indicate the remarkably low power costs that can be 
obtained with a properly operated series tank room. In multiple prac- 
tice, 200 lb. per kw.-day would be considered excellent. These results 
do not represent any single tank or any special portion of the refinery 
but show the actual final result for the entire electrolytic plant for the 
whole year. Furthermore, they are based on voltages and ampere 
readings at the power-house switchboard and, therefore, include all 
busbars, line losses, and contact losses. The reasons for the power saving 
are simple and may be briefly stated as: 

1. Narrower spacing, made possible by a more carefully cast and more 
carefully refined anode, and by the elimination of the thin starting sheet 
with its tendency to bend easily and short circuit. 

2. Elimination of all the electrical connections necessary in the multi- 
ple system, such as busbar to anode, cathode to starting loop, starting 
loop to hanger bar, hanger bar to busbar. 



132 THE BBaiBS SYSTEM OF BLECTBOLTTIC COPPER REPINING 

There is also eliminated what might be termed ‘‘line loss/' represented 
by the small but cumulative losses as the current travels through the 
anode lug, cathode loops, hanger bars, and the intermediate busbars in 
the multiple system. All the suspending apparatus in the series system 
is simply for the purpose of hanging the electrodes and serves no addi- 
tional electrolytic purpose, as is the case in the multiple. The current 
is simply introduced at the end of the series tank; from that moment 
until it leaves at the other end no part of it is consumed in overcoming 
contact resistances. 

It is to be realized that the ampere efficiency of the series system does 
not get much above 70 per cent., being low on account of leakage through 
the electrolyte above, below, and around the electrodes. The “power" 
efficiency, however, to coin a phrase for “pounds per kilowatt-day," 
is consistently high under properly controlled working conditions. 

Original Cost 

The original cost for building a Nichols series tank room would be 
considerably less than that for building a multiple one, given identical 
conditions and capacities. The criterion usually relied on is the “square 
feet of tank-room area required per ton of cathode copper deposited per 
day." At Laurel Hill well under 200 sq. ft. of tank room is required per 
ton per day. The best claim for the multiple system that has been 
published recently is 330.® These figures include the necessary space for 
working aisles, pumps, receiving tanks, heating tanks, stripping space, 
etc., and the receiving and filtering of slimes, but not for further slime 
treatment. About two-fifths of the multiple tank room cost could, 
therefore, probably be saved, and without any offsetting increase of 
importance elsewhere in the refining process. 

Biisbars 

Normally, series-system power is transmitted from power house to 
tank room at about 225 to 240 volts, through very small busbars carrying 
only about 1000 amp. Multiple-current normal voltage is around 110 
to 130. For a 25,000,000 lb. monthly capacity, a multiple plant running 
at 10,000 amp., with 90 per cent, ampere efficiency, would require about 
1475 tanks and would probably have three circuits of 10,000 amp. each. 
A series plant of the Nichols type would require, at 500 amp. and even 
as low as 65 per cent, ampere efficiency, only about 340 tanks and would 
consist, electrically, of ten 1000 amp. “systems" each subdivided in 
turn into two 500 amp. ‘Uegs," or divisions, of about seventeen tanks 
each* Figures based on the above premises reveal that the weight of 
busbar used in the series condition described would be roughly only 

• H. O. Hof man and Carle R. Hayward: ** Metallurgy of Copper,*' 402, 
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one-quarter of that in the multiple, even using intermediate small trian- 
gular bars between all possible multiple tanks. (Two cascaded sections, 
seventeen tanks to a cascade, thirty-four to a section, were used in the 
estimate.) 

The Nichols series system does away entirely with copper hanger bars 
(except one at each end of each tank), copper loops, copper starting 
blanks, and stock of copper starting sheets, the total of which amounts 
to a considerable interest item in a refinery of the above size. Added to 
this is the fact that the amount of electrolyte used is not over 60 per cent, 
of that used in the multiple for the same output. 

Power-home Installation 

The low power consumption in the series system naturally has a 
marked effect on the overall cost of power-house installation necessary 
for such a refinery. Assuming a multiple deposit of 200 lb. per kw.-day 
as compared with the above average of 341 lb. per kw.-day, there neces- 
sarily must be provided about 70 per cent, more power-house generating 
and converting capacity. 

Apart from this, however, there is an advantage in a series installation 
which reputable manufacturers of this type of equipment estimate to be 
in the ratio of 1 to 1.13, This is chiefly due to the fact that the product 
of the conversion will be a current of from 8000 to 12,000 amp. at about 
125 volts in the case of the multiple and but 1000 to 2000 amp. in the 
series at about 250 volts. 

As shown above, three 10,000 amp. machines would be required for 
the multiple and, say, five 2000-amp. machines for the series. Inasmuch 
as copper required varies as the square of the relative amperage, theo- 
retically, about nine times as much copper would have to be built into 
the generative and converting apparatus for a multiple unit as for a 
series unit. 

Silver and Gold Loss 

The question of silver and gold losses in the series system is an interest- 
ing one. The actual operating results at Laurel Hill for the five years 
previously referred to are: 


Silver Content Gold Content 


OuKcas PBB Ton 

Pbr Cbnt. 

OuNCBB PBB Ton 

Per Cent. 

Anodnb 

Cathodbs 

Loss 

Anodbb 

Cathodbb 

Loss 

36.8 

0.83 

2.2 

0.53 

0.009 

1.7 

35.0 

0.79 

2.3 

0.59 

0.011 

1.9 

27.0 

0.68 

2.5 

0.52 

0.010 

1.9 

25.0 

0.58 

2.3 

0.54 

0.011 

2.0 

24.4 

0.62 

2.6 

0.71 

0.016 

2.2 

29.6 

0.70 

2.4 

0.58 

0.011 

2.0 


Average 
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Assuming that in a multiple refinery with anodes averaging as above, 
the cathode silver analysis were 0.25 oz. and the cathode gold analysis 
were 0.005 oz., the balance against the series system would be only about 
40 cents per ton of copper refined. Furthermore, individual results 
obtained from time to time have proved conclusively that the percentage 
loss of precious metals would decrease materially with an increase in 
precious metal content of the anodes. 

Impure Blister Can Be Used 

For many years it was believed that only the purest of blisters could 
be used in the series system. There were two reasons for this belief: 

1. At Baltimore, the introduction of a comparatively small amount of 
certain impurities renders the copper incapable of satisfactory rolling.^ 
It was therefore impossible for that plant to treat many kinds of blister 
coppers. A multiple unit was accordingly built, and the combination 
of one multiple and one series unit gives the flexibility desired. The 
above situation created an impression in the minds of many that Laurel 
Hill was limited in the same way. Inasmuch as no rolling is necessary, 
such an impression is entirely erroneous so far as Nichols is concerned. 

2. So much pure copper was formerly received at Laurel Hill that 
there was no need for flexibility or development of the series process 
there to make it applicable to more impure blisters. 

It can now be given as the opinion of the Nichols staff of engineers 
that any anode can be treated by their process whose solution in the 
electrolytic bath will proceed fairly uniformly. This widens the field of 
blisters to which the Nichols series system is applicable, to include all 
the large productions of the modem copper mines of the world, at present 
purities. This allows for the fact that the pure blisters would be mixed 
with the impure, as is the case in every refinery. 

As a matter of fact, considering the six large refineries of the United 
States, at least two are at present receiving much purer blister than Laurel 
Hill. The intake of blister at the Laurel Hill refinery is probably the 
lowest of any in copper content, its total impurity content probably the 
highest but one, and the total amount of each individual impurity prob- 
ably not the lowest in any single case. 

The flexibility for the Nichols series process has been achieved mainly 
by varying the electrode spacing and by controlling the smoothness of 
the cathode deposit by the treatment of the electrolyte with suitable 
addition agents. Whereas for some time an unchanged spacing of elec- 
trodes had been adhered to, it has been found that for blisters of differing 
grades cheaper overall refining costs are obtained by altering this as much 
as 15 per cent. In general, wider spacing permits the use of more impure 
blister; while for purer material, the spacing is narrowed. The desired 


^ H. 0, Hofman and Carle R. Hayward: ^‘Metallurgy of Copper, 399. 
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flexibility is thus obtained and the spacing chosen, over a period, for 
blister of given intake analysis represents a nice adjustment between 
costs for power, labor, and ^'back'' remelting, ampere eflEiciency, and 
refinery capacity. 

Treatment of Electrolyte 

Unlike multiple practice, it was formerly believed imnecessary to add 
glue to the electrolyte at Laurel Hill, though small amounts of chlorine 
were used. As long as the anodes were of extremely high purity, this 
practice was correct. With a desire to treat blisters of widely differing 
and sometimes variable content, however, came the necessity for glue 
additions to preserve smooth, close-grained cathode deposits, and a 
great deal of work was done, first on a one-tank scale, then on a one- 
circulation scale, and finally throughout the whole tank room, with 
excellent results. 

It was found necessary and desirable to use chlorine (added as com- 
mon salt) a little more freely, carrying perhaps twice the content formerly 
thought best; and also to introduce glue and oil for their respective pur- 
poses of making deposited copper smooth and tough. 

Arsenic content of electrolyte was increased fourfold without deleteri- 
ous effects, while antimony content is now as high as in multiple practice. 
Contrary to what was formerly the opinion of those interested in copper 
refining, it is believed that the limits of electrolyte impurities in the 
series system are about the same as those in the multiple system. 

The effect of varying copper and acid content was carefully observed 
and most favorable results were found to be obtained when free sulfuric 
acid was kept between 16 and per cent., copper content between 
2.60 and 2.85 per cent., and chlorine between 0.00035 and 0.00060 per cent. 
More especially, however, adequate precautions of all kinds were taken 
to insure the maintenance throughout the whole 24-hr. period of abso- 
lutely constant electrolyte conditions in every respect. Segregation of ' 
all sorts was minimized, all additions and alterations made as gradually 
as possible, and individual tank circulations, which are low at Laurel 
Hill (3 to 5 gal. per min. for a tank 16 by 5)^^ by ft.), kept 
perfectly uniform. After all, probably the most vital single factor in 
tank-room operations everywhere is, having established a set of condi- 
tions that produce smooth deposits, to minimize in every possible way 
any variation in each of the many conditions in the set. 

The action of a solution of glue added uniformly to an electrolyte has 
long been known to have the effect of smoothing or maintaining smooth a 
growing cathode deposit. It is believed that this effect is more a physical 
than a chemical one. The very dilute glue solution is introduced in as 
continuous a manner as possible, so that a gelatinous film will uniformly 
cover the projecting points much as snow falls upon a rocky promontory. 
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A plausible theory is, that the film being of relatively high insulating 
tendency, the nodule is shielded from negative discharge, and the back- 
ward parts of the cathode surface instead are built forward, constantly 
tending to level up the depositing surface. 

The amount of glue to be added, then, is that amount found necessary 
to provide a film of sufficient thickness or resistance to bring about the 
end sought. It is possible to use a smaller quantity, which forms a 
film semipermeable by the current, giving an intermediate control, 
provided, however, the chlorine content be kept lower. In other words, 
the most dense cathode is made by a careful regulation of the chlorine 
content so as to be crystal forming; and then just counteracting this 
effect, which readily accelerates, by the masking effect of a glue solution 
of proper concentration. To do this adequately, and yet not in excess, 
at Laurel Hill has been found to require approximately 1 oz. of glue per 
hour (in the concentration of a 0.6 per cent, solution) per million pounds 
of electrolyte. 

It is believed that the use of the customary grade of glue does not 
raise the ohmic resistance of the electrolyte materially, if any at all, but 
that the well-known increase in power consumption through its use is 
due to the additional voltage required to force current through the gelat- 
inous film. 


Additional Improvements 

These excellent results have been furthered by other improvements, 
smaller it is true but none the less important, as can be appreciated by 
those who realize the attention to minute detail necessary to keep a 
tank room at the very top notch of efficiency. Chief among these are 
the following: 

1. A special flat-bulb light has been designed, which can be inserted 
between even as narrow spacing as that used at Laurel Hill. After the 
anodes are hung, every row is examined most carefully by the illumina- 
tion of this lamp, and adjustments made as to plumbness, uniformity of 
spacing, etc. With this minute inspection possible, it is rarely necessary 
to lift any electrode out of the tank during its run. Quite the opposite 
is the case in ordinary multiple practice, where the thin starting sheet, no 
matter how carefully adjusted, may warp under some systems of opera- 
tion as soon as the hot electrolyte strikes it. Furthermore, there are 
two, three, or even four starting sheets to one anode. Gangs of inspec- 
tors, “hot sheetmen” and “sheet-straighteners” are kept busy. At 
Nichols, Hie only inspection is by reading voltages across the ends of the 
tanks once or twice each day. Should the voltage go below normal the 
toouble is located, otherwise the tank is left alone. 

2. Special recording thermometers and recording steam-pressure 
gages were installed for the purpose of keeping an absolute oheck on 
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electrolyte temperatures at all hours and upon reasons for any irregulari- 
ties in them. More adequate heating apparatus was also provided. The 
result has been more uniform electrolsiie conditions, which, as stated 
above, are the foundation of success in maintaining smooth deposits 
at Laurel Hill. 

3. The filters and settling tanks for removing suspended slime and 
float have recently been entirely redesigned and rebuUt in order to clarify 
the electrolyte better, another step in the direction of assuring better 
electrolyte conditions. 

Stripping 

Formerly, the electrodes unloaded by hand from the finished tanks 
were piled flat upon small industrial cars and pushed by hand into the 
stripping room. Here each electrode was thrown to the ground and 
stripped, the “back” and cathode being later reloaded on to other cars. 
Part of the mechanicalization of this step of the process has been com- 
pleted. The electrodes are now unloaded by cranes on to rack cars, 
which are pushed, in train lots, into the stripping room with storage- 
battery locomotives. The room itself has been enlarged and a 7^ ton 
Bedford crane installed. This picks up the carloads of electrodes and 
carefully lets them down to the ground, so that they lie flat, “backs” 
up, like a partly spread out pack of cards. In this position the hanger 
bars and suspension rings are easily disengaged. The men then take 
off the “backs” and toss them to one side and immediately load the 
cathodes on waiting cars. Separate carloads of backs and cathodes are 
then pushed to the scale by tractor. 

It is confidently expected that a machine will be designed for the strip- 
ping operation. Even as it is now performed, it is not unreasonably 
costly. It is safe to say that this cost is more than balanced, in the 
multiple system, by the cost of producing starting sheets, looping and 
hanging them, and straightening them after a 24-, 36-, or 48-hr. deposit 
upon them. All of these steps the series system eliminates. 

Quite a little work has been done, with considerable promise of ulti- 
mate success, along another line, which has in view the same objective 
of reduced stripping costs. Instead of calling a tank finished when the 
backs are found to be down to 8 per cent, it is proposed to allow the cur- 
rent to continue. Some “redeposition” will set in, but the percentage 
of backs will decrease. Theoretically, if carried far enough, there will 
eventually be no backs to strip (the anode lugs would be knocked off or 
sheared off); the penalty would be increased power costs. Practically, 
there is a point at which a large percentage of cathodes will require no 
stripping, the power cost will not be imduly increased, and the balance of 
the electrodes will fall naturally into two classes: (a) with small per- 
centage of back to be stripped, and (6) with large enough percentage of 
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back to pay to send to special “hospital tanks,” provided to deposit all 
the “backs” off such transient “cathodes” in a two- or three-day period. 

The first difficulty that was encountered in these experiments was 
that when the anode back was entirely dissolved off, the cathode, having 
nothing to hold it to the suspending anode lug, fell down into the tank. 
This has been overcome by the installation of overflow-height regulating 
devices, which enable the tank-room operators to regulate to a nicety the 
depth to which the electrodes are submerged, and to vary this through- 
out the life of the tank through a range of % in., thus controlling speed of 
anode solution up near the lug. When the anode is entirely dissolved . 
there is now no sharp line at which the lug will break off, but a ^ in. 
strip of back, of a controllable thickness, which keeps the cathode hung. 



Fig. 8. — Curved chutes for gravity charging. 


Refinery y or Wire Bar Practice 

From the stripping room, cathodes are delivered to cars or barges for 
shipment; or else to the wire-bar furnace charging floor, which is ele- 
vated above the furnace for chute charging, as later described. Up to a 
year ago, the individual cars of cathodes were pushed from stripping room 
to* small elevators, lifted slowly, and pushed around by hand on the fur- 
nace charging floor. There has now been installed a small monorail 
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crane, which rapidly lifts the cathodes up through a small shaftway and 
then carries them farther, depositing them on the feed floor. The crane 
is also used during the immediate charging period, shifting piles of cath- 
odes nearer the chutes, thus further reducing labor. 

Figs. 8 and 9 give a good idea of the method of charging, which is 
a natural outgrowth of the Nichols series system. The cathodes pro- 
duced are so long, narrow, thin, and light in weight as to suggest project- 
ing them into the furnace in such a way as to land them flat on the furnace 
bottom. The advantages are obvious. Most important, the brickwork 
of the furnace is not exposed, for several hours daily, to inrushing cold 
air through the wide-opened charging doors. Likewise, the sides and 



Fia. 9. — Charge floor op wire-bar furnace with monorail above. 

door jambs cannot be damaged by a careless operator, as occasionally 
happens under the best conditions with a charging machine. The elimi- 
nation of the initial expense and the maintenance of the charging machine, 
together with the space it requires, is a further advantage. A strong 
argument for chute charging is that it helps to keep the furnace on a 
regular 24-hr. cycle. Here again the facts speak for themselves. At 
Laurel Hill, the furnace produces from 700,000 to 750,000 lb. of copper 
each day, every day in the month if necessary (except for some major 
repair operation). If one of the many minor things happen to “throw 
the furnace back” an hour or two, the next day the furnace is right back 
on schedule. At any rate it can be relied on to gain back gradually the 
time lost, whereas great diflSculty is usually experienced in holding the 
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ordinary type of furnace to a 24-hr. cycle, to say nothing of 23-, 22-, or 
21-hr. This is due to the heat retention, as well as to the rapidity, of 
chute charging. As to the latter, daily routine of charging at Laurel 
Hill is about as follows: 300,000 lb. are introduced from 3:00 to 3:30 
p. m., 220,000 lb. from 6:00 to 7:00 p. m., 130,000 lb. from 9:10 to 
9:50 p. m., and the balance of 70,000 lb. from 11:00 to 11:30 p. m. 
Twenty-seven man-hours of labor are employed for the work, including 
the time of the men who seal up with clay and old brickbats the narrow 
apertures where the chutes open into the furnace. 



Fig. 10 . — Wire-bar casting ladle and straight-line casting machine. 


The wire-bar casting ladle and straight-line casting machine are 
shown in Fig. 10. 

Further Improvements 

Plans are definitely under way for further improvements in refining 
methods at Laurel Hill, In the anode department, authorization has 
been given for the immediate erection of a unit, to consist of a large semi- 
continuous receiving, melting, and slagging furnace, and two smaller 
furnaces, reserved for refining, poling and casting only. Material 
benefits are expected, the new unit taking the place of four present fur- 
naces. It will be connected to a single, large, eflicient -waste-heat boiler. 
Important heat economies will be effected, steam production being 
practically continuous instead of intermittent. As in the case of most 
copper refineries, waste-heat steam from anode furnaces is now produced 
in large quantities during the night hours; whereas during the daytime, 
when steam is most needed, most of the furnaces are casting or charging 
and very little waste heat is produced. A coordinated unit, as described, 
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will give a more nearly ideal steam producer from a powerhouse 
standpoint. 

Consideration is also being given to the use of a mechanically operated 
ladle for casting the thin anode instead of doing the work by hand, with 
resultant possibility of increasing size of the anode-refining furnace and, 
later, increasing the size of the anode itself. 

In the assembly department studies are being made as to the advis- 
ability of installing a mechanical straightener and punch machine. 

Another improvement, which is expected to be in operation during 
the summer of 1925, is a ''Ferris-wheer' casting machine. The large 
furnaces are equipped with straight-line casting machines and one of 
them is to have a second tap hole on its opposite side. This will connect 
with the ladle for a casting machine rotating in a vertical plane, which 
will cast, during the regular major casting time of the furnace, about 50 
to 75 tons of special shapes. This revolutionary step in copper casting 
has been taken not only because economy of floor space made the new 
wheel very attractive for the particular problem to be solved, but also 
because it is believed that this machine will make a better casting, as 
experiments carried on several years ago conclusively proved was possible 
for this type of machine. The ladle is located in such a way that the 
semimolten copper in the mold, after being poured from the ladle, will 
travel several inches almost vertically (only a very few degrees off the 
perpendicular). This should effectively eliminate any ‘ wave,'^ “roll,'^ 
or ‘^edge” on the copper, in case of any jerky stop or start of the wheel. 


Conclusions 

1. It has been found possible to treat blister much more impure than 
that formerly used in the Nichols Copper Co.^s series system of copper 
refining at Laurel Hill. 

2. This has been brought about by changing spacings between elec- 
trodes when analysis of the blister requires it, but especially by carefully 
regulated electrolyte treatment with suitable addition agents, keeping 
cathode deposit smooth. 

3. Under these conditions, it has also been found possible to permit a 
material increase in the percentages of arsenic and antimony in 
the electrolyte. 

4. Power consumption is remarkably low, a five-year average being 
341 lb. of copper deposited per kilowatt-day, as compared with 200 lb., 
which would be considered very good work in multiple practice. 

5. Reenforced-concrete tanks, lined with asphalt mastic, are used for 
the electrolytic work, and the lining is not attacked at working electro- 
lyte temperatures, which are carried as high as 125® F » 
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6. Silver and gold losses for the above five-year period, with 
anodes running 30 oz. silver and H oz. gold, were 2.4 and 2.0 per 
cent., respectively. 

7. Instead of the 100 per cent, hand labor formerly used, many opera- 
tions, especially tank loading and unloading, have been mechanicalized* 
and important further steps along these lines are shortly to be taken, 
particularly in the furnace departments, where a melting furnace and a 
casting wheel of Ferris wheel ” type will shortly be in operation. 

8. Low original cost of a Nichols series tank room is emphasized, only 
200 sq. ft. of floor area being required per ton deposited per day, equi- 
valent to about three-fifths of multiple requirements. There is also a 
much smaller copper tie-up in busbars, hanger bars, and other auxiliary 
apparatus. All these items materially reduce initial capital construction 
outlay, and interest, depreciation, and amortization charges during the 
period of operations. 

9. The result of the practices described, and of the improvements, 
completed and projected, will be to combine with the sound basic tech- 
nical advantages of the Nichols series system, design and equipment 
peculiarly fitted to make the most of these advantages, and to con- 
tinue the place of this series process in the forefront of copper- 
refining metallurgy. 
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DISCUSSION 

M. H. Merriss. — With regard to silver and gold losses, it is noted 
that they are considerably higher than the multiple on a percentage 
basis. We have a large and essentially a very deep tank, which has five 
long, thin anodes in it, as you have noted from the paper. The silver 
mud that is electrolyzed has to drop through 43^ ft. of very narrow 
spacing between two electrodes, so it has a very good chance of being 
caught. That, of course, is the reason for the comparatively high 
percentage losses in silver. 

I can say that a very large percentage of that 2 per cent, silver loss, 
is lost near the bottom of the cathode. (For normal multiple copper 
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refining work 1 per cent, may be considered the normal silver loss.) So 
it is also self-evident that if one were called upon to design a plant for a 
particularly high silver blister, from a broad economic standpoint it might 
be well to have a comparatively shallow tank with an anode that was very 
much shorter, so that the opportunity for the silver mud to settle on the 
cathode would be minimized. If you did that you would tend to counter- 
act your other advantages such, for instance, as low installation cost per 
ton of copper refined. There is a tank room in operation now of this 
design, although it was not so designed on account of high silver content. 
It is at Boleo in Lower California. The tank is very shallow and the 
anode also, and the silver losses must be very low. 

A. L. Walker, New York, N. Y. — In the old Guggenheim plant, 
afterward the American Smelting & Refining Co., at Maurer, near Perth 
Amboy, the anodes were 3 ft. deep and 2 ft. wide. High argentiferous 
copper bullion was treated at that plant. We found the loss in silver, 
even in the multiple system, was quite high. After conducting a series 
of tests we determined that fully one-half of the silver in the cathode was 
in the bottom 9 inches. In building a new plant in 1902, we turned the 
anodes around 90°, making them 3 ft. wide and 2 ft. deep, instead of 2 
ft. wide and 3 ft. deep. We did this to save the excess amount of silver 
which would be caught on the surface of the deeper cathodes due to 
falling anode slime. It was a question of saving silver as against floor 
space required. 

In the early days it was always considered that only very pure copper 
bullion could be treated by the series process. I think the results of the 
work that has been done by the Nichols Copper Co. in recent years shows 
that the limit for impurities can be materially increased. It has been 
found possible to use an electrolyte containing very much higher impuri- 
ties even in the series system. I do know, however, that it is more 
diflScult to treat a high silver copper in the series process than with the 
multiple. The silver losses are bound to be greater. 

E. L. Jorgensen, Irvington, N. J. — I have found that the large 
amount of values usually found near the bottom edge of the cathode in 
the multiple system can be overcome by making the cathodes considerably 
longer. I would like to ask Mr. Merriss if the very bottom edge of the 
cathode contained a higher percentage of silver, i. e., if you took a section 
6, 8 or 10 in. from the bottom and analyzed it? 

M. H. Merriss. — With us, the cathode is not enlarged on the edges 
the way it is in the multiple if you work with too large an anode. It is 
almost flat, and we have never cut off the bottom half-inch and analyzed 
it for silver. I agree with Prof. Walker that the percentage of silver loss 
is bound to be higher in the series than in the multiple, due to the closer 
spacing. All I wanted to bring out was that the ratio was not neces- 
sarily just 1 to 2. 
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A. L. Walker. — It is a regular practice in the multiple system to make 
the cathode deeper than the anode so that the cathode projects from 3^ to 
1 in. below the lower edge of the anode. 

A. F. Schneider, New York, N. Y.— It makes a great difference if 
the anode has only 30 oz. or if it has 150 oz. Percentage is not a criterion. 
When Prof. Walker spoke of the high silver content of the anodes I 
wondered if his percentage would be the same. I think, not at all. It 
is a question of dollars and cents. 

M. H. Merriss.— That point is covered in the paper; the actual silver 
and gold contents are given, and the following also appears: 

Furthermore, individual results obtained from time to time have proved con- 
clusively that the percentage loss of precious metals would decrease materially with an 
increase in precious metal content of the anodes. 

When the anode is higher, the percentage loss is less. The dollars per 
ton loss is greater. 

A. L. Walker. — In 1902, when the plant I referred to was built, the 
copper bullion assayed 350 oz. I know at times we received bullion 
from Mexico which ran as high as 1000 oz. per ton. The silver loss was a 
very important proposition. My recollection is that the loss was under 
1 per cent. Mr. Witherell says definitely his recollection is that it was 
0.6 per cent. 

S. Skowronski, Perth Amboy, N. J. — One point that the author did 
not bring out as forcibly as possibly in the paper, is that while the author 
has undoubtedly refined a lower grade of bullion than hitherto thought 
possible by the series system, he has done so at the expense of increased 
spacing, which will increase the voltage on the tanks, and then reduce the 
output of copper per kilowatt day. 

The great advantage of the series system over the multiple system is 
that a closer spacing is possible with a corresponding decrease in voltage. 
If the spacing is increased, the natural advantage of the series system 
over the multiple system is thereby decreased. 

There is in the Metropolitan district a refinery operating with 98-98.5 
per cent, anode, and yet obtaining 220 lb. copper per kilowatt day, using 
the multiple system. A direct comparison of the series system versus the 
multiple system with this low-grade anode would be interesting. 

F. R. Pyne, Perth Amboy, N. J. — Regarding Mr. Skowronski^s 
statements : One point which has not been brought out relative to power 
saving with the series system is the absence of contact losses. You have 
practically no contact losses in the series system, whereas you have from 
a 25 to a 30 per cent, loss in the multiple system. Possibly it may amount 
.to 5 per cent, in the series system. The series system operating on prac- 
tically equal spacing as the multiple system has the advantage in requir- 
ing much less floor space per ton of copper produced per day. The 
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normal multiple tank holds from 15 to 18 tons of copper, the old wooden 
series tanks about 27 tons, and the large concrete ones 50 tons. 

With the series system you have the elimination of the old bugbear 
of starting sheets, 2 or 3 months^ supply of which must be carried. 

There are some serious disadvantages to the series system; that is, on 
the preparation and the casting of the anode and the stripping of the back. 
There are many points, relative to labor, which could be satisfactorily 
solved provided some one would be willing to put up the requisite time 
and money. The series system, unfortunately for the copper refining 
world in general, has been surrounded by a great deal of secrecy for 
reasons best known to those who operate the plants. There was no 
interchange of ideas. If there had been, and had the attention been 
given to the series system that has been given the multiple, I very much 
doubt whether the multiple system would be as predominant as it now is. 


VLL, LXXllI. — 10 . 
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ANACONDA BLBCTROLTTIC WHITE LEAD 


Anaconda Electrolytic White Lead 

By R. G. Bowman, East Chicago, Ind. 

(Salt Lake City Meeting, September, 1925) 

Discussions of processes for the manufacture of white lead generally 
open with the statement that white lead is the oldest chemical pigment 
known to man. This fact is of more than historical interest; in the 
light of the present extensive use of white lead, it indicates that the 
compound possesses characteristics that make it unique among white 
pigments, and superior to all in its particular field. A greater variety 
of processes have been proposed for manufacturing white lead than for 
any other one chemical compound. Only a few of these processes have 
come into commercial use, however, and a large part of the present 
production here and abroad is made by the process used in ancient times. 

The outstanding disadvantages of the old process are that it is slow 
and laborious, affords no control of the product, and yields at best an 
impure material lacking in uniformity. Improved processes, sometimes 
classed all together as '^quick processes,” have had as their main object 
the shortening of the time required. Most of them accomplish this and 
some have yielded a superior product as well, but only two or three are 
now in use commercially. 

For centuries the manufacture and mixing of paints have been treated 
as an art, and the practice has been much influenced by tradition and 
precedent. There is a reluctance to abandon old materials for this 
purpose, and as few new uses for white lead have been developed, the 
adoption of the quick processes has been slow. The electrolytic pro- 
duction of white lead is not new, a large number of processes and forms 
of apparatus have been proposed and patented within the past 25 years, 
all directed toward the production of white lead, wholly or in part, by 
electrolysis. One or two of these processes were tried commercially but 
proved unsuccessful. 


Process 

The Sperry process, used by the Anaconda Lead Products Co., is 
the invention of Elmer A. Sperry, and was worked out to a commercial 
basis at the East Chicago plant. It resembles, in a general way, earlier 
methods, but embodies the features that make it possible to operate 
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continuously and to produce a uniform product, the character and com- 
position of which are under complete control. It has made possible the 
rapid production of white lead of a degree of chemical purity and brilliant 
whiteness '' superior to ahy produced by other methods. These proper- 
ties of the product are independent of the purity of the metallic lead used. 

The Sperry process is not a process for the production of white lead 
alone, but a basic method of producing an insoluble salt of any metal by a 
continuous electrolytic process. Application of the method to lead salts, 
and to white lead in particular, was selected on account of the staple 
character of the product, calling for production on a tonnage basis. The 
process is a combination of electrolysis and chemical precipitation, in 
which the precipitation is a secondary reaction and the composition 
of the reagents and of the precipitate are controlled electrolytically. It 
is unique among electrolytic processes, in that it yields a solid 
product that is neither an anode nor a cathode deposit and is 
removed continuously. 

As applied to white lead, the process is carried on in a cell having a 
lead anode and an iron cathode, separated by a porous diaphragm. The 
anode is surrounded by an electrolyte — the ^^anolyte'^ — containing 
sodium acetate and a very small amount of sodium carbonate. The 
cathode is surrounded by a similar electrolyte — the ^‘catholyte^^ — 
containing sodium acetate and a relatively large amount of sodium 
carbonate. Each electrolyte is maintained in rapid circulation about 
its electrode. The circulation systems of the two electrolytes are entirely 
independent and no communication exists between catholyte and anolyte 
save through the diaphragm in the cell. 

The action occurring when the current is applied may be described, 
simply, as follows: The lead is dissolved from the surface of the anode, 
electrolytically, as lead acetate and is immediately reprecipitated as 
insoluble basic carbonate, 2 PbC 03 Pb(OH) 2 , by the sodium carbonate in 
the anolyte, thus restoring the sodium acetate but depleting the anolyte 
in COs ion. The proper concentration of CO3 is restored and maintained 
constant by passage of this ion through the diaphragm from the catholyte, 
which in turn becomes impoverished in COs. The anolyte enters the 
cell clear and leaves carrying the white lead in suspension, but with no 
change in composition. The catholyte enters the cell high in Na2C08 
and low in NaOH, and leaves low in Na2C08 and high in NaOH. The 
CO 3 is restored by carbonating the catholyte at one point in its circula- 
tion outside the cell. 

The white lead produced in suspension in the anolyte is removed 
from the cell continuously by the circulation of the anolyte. It is 
separated from the solution by setthng and filtration and the clear 
anolyte is returned to the cell; The white lead thus removed is washed, 
dried, pulverized, and barrelled for market. 
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This, in brief, is the process, without entering into the details of the 
electrochemical phenomena occurring in the cell; in operation, the process 
is considerably more complicated. The balance to be maintained for 
continuous operation is rather delicate and there are a large number of 
factors slight variations of which will interfere with operations, either 
immediately or in a cumulative manner. This is merely the converse of 
one of the chief advantages of the process; namely, its flexibility and the 
close control of composition, purity and physical character of the product 
which it affords. In this respect it does not differ greatly from other 
electrolytic processes, where a continuous closed cycle of circulation 
is maintained; however, when approaching it as a new process in the 
development stage, the array of variable factors appeared rather formi- 
dable and a great deal of experimental work has been required to establish 
a simple method of control, and means for protecting the operation and 
the product against unavoidable variations in raw materials and operat- 
ing conditions. This control has now been so far simplified and standard- 
ized that all important factors are centered in the analysis of two solution 
samples, and an arbitrary relation or ratio between certain constituents. 
These analyses are simple alkalimetric titrations and are made by an 
operator at the plant. 


Plant 

Materials of Construction 

The circulating electrolytes used are alkaline or neutral solutions, 
and at first the problem of handling appears to be much simpler than 
in the case of an acid and highly corrosive solution; however, the extreme 
purity required of the product limits the selection of materials that can be 
brought into contact with it or with the circulating solutions. 

The solutions are destructive to wood, due to the saponification and 
removal of the resins. Most paints and waterproofing coatings either 
contain saponifiable oils or are slightly acid, and are gradually destroyed. 
Bakelite and other phenol condensation products are soon destroyed. 
Concrete is penetrated and gradually disintegrates due to crystallization 
of salts and to electrolysis of the metal reinforcement. Porcelain and 
stoneware are only slightly affected but have other limitations. The 
only satisfactory nonconducting material found for contact with these 
solutions is rubber, in various degrees of hardness. Hard-rubber pipe 
fittings, soft-rubber hose, and wood launders lined with soft-sheet rubber 
are used for handling solutions at all points where it is necessary to reduce 
the electrical conductivity of a solution line. Hard-rubber is used, also, 
in the construction of the supporting frame for the cathode diaphragm. 

Pure copper, pure lead, and, in some eases, cast iron are unaffected 
by the solutions ; brass and bronze are used in the present plant for much of 
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the piping; however, these are not entirely unaffected as a local electroly- 
tic action is set up by the two metals forming the alloy. 

Considerable experimental work has been done on protective coatings 
for wood and concrete. An enamel-like asphalt coating for concrete has 
been developed; this has been applied to all tanks and cells in the plant 
and has proved satisfactory in all cases where the concrete can be 
protected from entrance of moisture behind the coating. Asphalt coat- 
ings for concrete have failed completely in all tanks below ground level 
and wherever the concrete is exposed to moisture that enters and forces 
the coating off of the surface. 

Equipment and Operation 

The East Chicago plant is the first commercial-size unit for producing 
white lead by the Sperry Process; it was completed and placed in opera- 
tion in January, 1920. The plant was designed for a capacity of 10 tons 
of dry white lead per 24 hr. While the capacity of the electrolytic cell 
can be calculated rather closely, and had been established by experiment 
in a small one-cell laboratory plant, the capacities of standard settling, 
filtering, and drying equipment, as applied to the product, were unknown. 
As a result, some of the equipment installed was found to have a much 
greater capacity than estimated, when operated continuously. It was 
also found possible to operate the entire cell room continuously at a 
higher current density than estimated, resulting in more than doubling 
the capacity of this department. 

After the initial difficulties had been overcome and continuous operation 
established, the capacity of the drying department was brought to an 
equality with the remainder of the plant, and other adjustments in 
equipment made to provide storage space between departments. The 
plant is now producing 26 tons of dry white lead per day. This produc- 
tion is determined by the working capacity of the present motor-generator 
supplying current to the cells, but does not represent the capacity of the 
present cell design, which is about 1500 lb. per cell day. 

The plant was designed essentially as an operating unit, but has been 
used to some extent for a continuation of experimental work. The cell- 
room equipment is peculiar to the process and presented certain operat- 
ing problems of its own. Equipment in other departments was selected 
with a view to provide standard machinery that fulfilled the requirements 
and insured protection of the cell-room product. Selection of more 
efiScient equipment in these departments was left for a later develop- 
ment. This standard machinery is still in use, but considerable experi- 
mental work has been done on other equipment designed to reduce labor 
and operating costs and to introduce mechanical handling of the product 
throughout. The installation of this machinery forms part of the pro- 
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gram of extension of the present plant. A general exterior view of the 
plant is shown in Fig. 1. 

Buildings 

The main building, housing the cell room, settling, and filtering 
departments, is of brick and steel 78 by 87 by 27 ft. high. The dryer 
tunnels are of brick and extend from the main building to the pulverizing 
and barrelling department, which is a frame building. Additions to 
the main building, to house additional solution tanks, pumps and storage 
bins, are of frame and corrugated iron. The substation is of brick and 
steel and the boiler house and miscellaneous out-buildings are of 
corrugated iron. 


L 



Fig. 1. — Exterior view of plant. 


The solutions handled are rather destructive to building materials. 
Excessive condensation of vapor, combined with alkali dust, attacks 
the metalwork and makes frequent repainting necessary. Good ventila- 
tion, blast heating, and a heavy felt roofing on the main building have 
reduced this trouble considerably. 


Anode Molding 

The anode is a rectangular lead plate 21 by by 1 in. and weighs 
250 lb. Projecting lugs are cast at the two upper comers for supporting 
the anode in the cell. It resembles the standard anode of copper refin- 
ing, but the lower physical strength of lead requires a heavier lug section, 
to resist bending. Anodes and common pig lead are molded, as required, 
from the same furnace, at the Parkes Process refinery of the International 
lAsd Refimng Co. and are transferred, on rack cars, to the white lead 
I^nt, 1000 ft. distant. 
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The anode is molded in a cast-iron mold 1 in. deep, set horizontally; 
twenty molds are arranged in an arc below the tap of a reverberatory 
furnace. Lead flows from the furnace through a 2J^-in. plug-cock connec- 
tion to a pivoted-head pot and is delivered to the molds through a 
pipe launder swinging radially from the head pot. The stream is stopped 
after molding each anode by lifting the delivery end of the launder. 
The anode is chilled with water, sprayed on its surface, and is ejected 
from the mold by a small plunger operated through a trigger valve by 
compressed air, which raises the lugs free from the mold. The anode is 
picked up by a small air hoist, mounted on a radial traveller, and trans- 
ferred to a rack. From the racks, groups of twenty-five anodes are 



Fig. 2. — General view of anode molding. 


transferred to the straightening press by the overhead cranes serving 
the refinery. A general view of the anode molding operation is shown 
in Fig. 2. The capacity of this equipment is approximately 20 tons of 
anodes per hour. 

Anode Pressing 

The soft lead anodes are easily bent and deformed when being removed 
from the mold and in handling. Before dehvery to the cell room, they 
are straightened in a press located at one end of the refinery. This is 
a horizontal press having a single cylinder 103^ by 23 in. and is operated 
by compressed air at 90 lb. pressure. Two anodes are pressed at one 
time. A small compressed-air jib crane serves the press. 

After pressing, the anodes are arranged on rack cars in their proper 
spacing for placing in the cells, each car holds two sets, of eighteen anodes 
each. The cars are delivered to the cell room over a short industrial 
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railway using a gasoline locomotive. Scrap returned from the cell room 
to the refinery for recasting is handled with the same equipment. 

Cell Room 

The cell room is 40 by 74 by 16 ft. high, from operating floor level to 
the hoist monorails. Below the operating floor is a shallow basement 5 
ft. deep, the floor of which is at ground level. The building is of brick 
and steel, with felt-insulated wood roof to prevent condensation. It is 
Ughted on three sides by steel sash; the fourth side is open to the tank 
room. The cell-room interior is shown in Fig. 3. 

The forty-eight cells are arranged in six rows of eight cells each, with 
operating aisles between. Each cell is supported independently upon 
concrete piers, rising from the basement-floor level. The top of the 



Fici. 3. — Interior of cell room. 


cell is 29 in. above the operating-floor level. The operating floor is 

merely a wooden deck laid in movable sections and supported from the 
cell piers. 

Each row of eight cells has, at one end, an anode wash tank and an 
anode storage rack. The industrial track handling anodes and scrap 
from the refinery enters and passes across one end of the cell room, deliver- 
mg anodes to any of the storage racks. Each row of cells is served by a 
3-ton Sprague electric monorail hoist, travelling over the anode track 
storage racks, wash tanks, and cells. A transfer bridge at one end of the 
cell room permits the interchange of hoists between rows. 

Cell 

The construction of the cell is illustrated in Figs. 5, 6 and 7. The cell 
proper consists of a rectangular tank with hopper bottom, built entirely 
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of reinforced concrete, C'gunnite^O- The inside dimensions are 2434 by 
54 by 33^ in., with a shallow hopper bottom leading to a 3-in. horizontal 
discharge. The walls are 3 in. thick and are reinforced with wire mesh. 

The discharge is connected through an inverted siphon to a rectangular 
overflow box of concrete, placed at one end of the cell. The box has an 
inlet and an outlet compartment separated by a movable wood dam, the 
height of which controls the level of solution in the cell. The interior 
of the cell and overflow box is hned with asphalt enamel, to prevent 



Fig. 4. — Set of eighteen anodes. 


penetration of the concrete by the solution, and consequent electrolytic 
corrosion of the reinforcement. 

The anode and cathode busbars are supported on the cell body as 
shown. Each bar is of copper 134 by 4 in. in cross-section, and runs the 
full length of the cell. The anode busbar rests on insulating blocks on 
the rim of the cell at one side, it has no rigid attachment to the cell body, 
but is an extension of the cathode busbar of the adjoining cell, which is 
bolted to the cell. 
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The anode hangs in the cell, supported by its lugs, one of which rests 
on a block of hard rubber on the rim of the cell and the other on the anode 
busbar. The busbar carries on its upper face a single sharp rib, which 
cuts into the soft metal of the anode lug and makes a connection of low 
electrical resistance. Each cell holds eighteen anodes, spaced 3 in. 
center to center. 

The cathode, with the diaphragm and supporting frame, form a 
separate unit, which is described later. The cathodes are supported in 
the cell at 3-in. centers. The lower comers of the frames rest on hori- 
zontal ledges formed in the body of the cell, and the spacing of the frames 



Fig. 5. — Electrolytic cell. 


attached to the inner walls of 
th! lUustrated. A copper busbar, mounted on\the upper edge of 

to f ’ TH is bolted and 

“der the anode 

busbar and is attached to the cathode busbar. The latter is simn^r+^/i 
on bolted to the side of the cell, « shown 

. eath^e is removed, the soldered and bolted joint is easilv 
broto and remade by the ose of a tool that short-citcuils iL ItcTS 

the^Ww"” ceT® ‘'f • sufficiently to melt 

Ibo. of ea4 end m.Se CSm «« »“*“ 


R. G. BOWMAN 


155 



Fia. 6 . — ^Electrolytic cell, showing catholyte discharge and overflow box. 



Sedion A-A 

Fig. 7. — ^Assembly view of electrolytic cell. 
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The entire forty-eight cells are connected in series. Current enters 
the cell room by a line of copper busbar by 4 in. in cross-section and 
25 ft. long, from generator switchboard to cell A-1. A jumper-bar on 
each cell short-circuits the anode and cathode busbars, thus cutting the 
cell out of the circuit when desired for any purpose. 

The cell illustrated and described is the original design and the one 
now in use. Certain defects and weaknesses have been recognized in the 



Fig. . 8. — Cathode frame and diaphragm. 


design, and their remedies have been worked out. These changes will 
be embodied in any new cells constructed, however, the general design 
has been found highly satisfactory and well adapted to the process. 

Cathode Frame and Diaphragm 

nf ^ diaphragm process. The formation 

of ^rbonates of lead, and of other metallic salts, in a manner similar to 
that in this process is possible in a one-solution ceU, without the use of 
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any diaphragm, but the continuous production of basic carbonate of 
lead of uniform composition, in commercial quantities, is the thing that 
has been made possible by Sperry. This has been accomplished by the 
application of the diaphragm type of cell using two distinct solutions. 

To anyone familiar with electrolytic processes, the subject of dia- 
phragms is common, and, to those familiar with diaphragms, rather 
unpleasant. Many successful laboratory processes dependent on a dia- 
phragm cell have failed commercially because of the lack of suitable 
diaphragm material, which performed the functions of a diaphragm and 
was at once durable and cheap. 

In a diaphragm-type electrolytic cell, the anode and cathode are 
placed in separate compartments in the cell and are surrounded by solu- 
tions of different characters and compositions. The two compartments 
are separated by a diaphragm having a degree of porosity suited to the 
requirements of the operation being carried on. Economy of construction 
and operation require that the following conditions be fulfilled: 

The anode and cathode must be parallel and as close together 
as possible. 

The diaphragm must lie directly between the anode and cathode, must 
be as thin as possible, and must offer as little resistance as possible to 
the passage of the electric current. The diaphragm support must be 
tight and allow no leakage or intercommunication between the two 
compartments or solutions, except through the pores of the diaphragm. 
There must be between the anode and cathode no inert obstructions 
that will have the effect of reducing the effective area of the electrodes. 
There must be between the two electrodes no active conducting material 
that can act as an extension of either electrode and thus cause a local 
reduction of the spacing. 

The diaphragm must not be in electrical contact with either the 
anode or cathode. 

A free and uniform circulation of solution about both electrodes 
must be maintained, and provision must be made for the escape of gas 
generated at either electrode, without causing frothing or boiling over 
of the electrolyte. 

There must be no obstruction that will allow the accumulation of 
solid matter from either solution between the electrodes. 

It is evident that the comparatively thin flexible material used for 
diaphragm, is incapable of supporting itself in a perfectly flat form over 
a wide area, and that a slight difference of pressure on opposite sides 
will bring it into direct contact with one of the electrodes. A supporting 
frame for the diaphragm that fulfills the other necessary conditions, 
is therefore required. 

A great variety of materials have been tried for diaphragms for the 
Sperry process, and a number have been found entirely suitable from a 
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chemical and physical standpoint, so far as the f 

itself are concerned. The questions of strength, 
have narrowed the field to a small number. Having selected a matenal, 
the design of a satisfactory support has led to the development and dis- 
carding of a great many designs of cathode frames. The early dia- 



phragms were made of parchment paper. This was replaced by cotton 
duck, parchmentized by immersion in sulfuric acid. The present dia- 
phragm is a heavy linen duck, tightly woven, and similar to the material 
used for water bags. 

The present form of cathode frame is shown in Figs. 8 and 9. The 
eeamtial feature is the forming of a water-tight diaphragm cell using the 
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diaphragm material alone, and eliminating all bolts and similar fastenings 
below the solution level. The frame structure then becomes merely a 
support, and the loosening of its joints or deterioration of its material 
will have no effect on the tightness of the diaphragm. 

The diaphragm material is formed into a flat bag or envelope by 
stitching. The cathode sheet is fitted with edge strips of non-conducting 
material and is slipp>ed into the envelope, which is made of the proper 
size to fit snugly over the cathode without undue tension, such as might 
increase its porosity. The depth of the envelope is slightly greater than 
the length of the cathode sheet, to allow space at the bottom for the 
distribution of the incoming catholyte, and also for accumulation 
of sediment. 



Fia. 10. — Moore pelteb. 


The two faces of the diaphragm are supported by a grid of vertical 
stayrods of non-conducting material attached to the frame at the top 
and bottom. The thickness and spacing of these stayrods is such that 
even when resting against the anode the normal bulge of the diaphragm 
between rods will not bring it into contact with the anode surface. The 
design of diaphragm supports has received much attention, and buttons, 
grids, and networks of various materials and designs have been tried 
and discarded. The present form of stayrod is merely a 0.34-in. brass 
rod inserted into a %-in. hard-rubber pipe. 

Cathode Frame Details 

The diaphragm envelope is formed by stitching two sheets of linen 
together on three sides, leaving the top open. A stirrup of linen, open at 


160 ANACONDA ELECTROLYTIC WHITE LEAD 

both ends, is stitched to the bottom edge to receive the bottom bar of 
the frame. The Unen at the top of the frame extends above the solution 
levels and is subjected to alternate wetting and drying, and concentra- 
tion, of solution by evaporation, which soon rots the fabric; this portion 
is therefore protected by heavy rubberized cloth which is stitched to 
the linen. 

The cathode sheet is of 16 gage steel plate and carries two edge 
strips, consisting of hard-rubber pipe slit along one side and fitted 

over the edge of the sheet. The side bars of the frame consist of %-in. 
hard-rubber pipe, slotted out on one side to leave about three quarters of 
the circumference intact. They are slipped over the edge strips of the 
cathode sheet with the diaphragm between the two. The side bar 
partly encloses the edge strip and is thus supported throughout its length. 

The bottom bar is of paraffined maple, it is inserted in the stirrup 
on the bottom edge of the envelope, and its ends fit into the ends of the 
side bars, locking the corners of the frame. 

The stayrods are U-shape and pass down one face of the diaphragm, 
through holes in the bottom bar, and up the opposite face. The upper 
ends are clamped under a metal strip bolted across the top of the frame. 
This strip closes the entire top of the envelope. 

The catholyte overflow is a small steel spout welded to the upper 
corner of the cathode sheet. The sides of the spout are high and the 
opening into the frame is large, to allow the escape of hydrogen without 
overflow of froth. Catholyte is supplied to the frame through a 3.^-in. 
thin-walled hard-rubber tube, which enters at the upper corner and 
extends to the bottom corner, diagonally opposite to the overflow and 
below the lower edge of the cathode sheet. 

The hard-rubber parts of this frame are cut from standard hard- 
rubber pipe, except a small corner piece. They are interchangeable 
and can be removed and replaced quickly when renewing the diaphragm. 

Circulation of Solutions 

The two electrolytes, anolyte and catholyte, enter and leave the cell 
and are circulated throughout the plant in two separate systems. No 
contact or mixing of the two solutions occurs except through the dia- 
phragm between the anode and cathode. 

In the operation of the plant it is convenient, at times, to add small 
amounts of catholyte to anolyte, or vice-versa, to control the concentra- 
tion of solutions and to maintain a proper distribution of volumes. 
Proper connections for this interchange are provided, otherwise the 
piping systems are distinct. 

Clear anolyte is supplied to the cell room by a single centrifugal pump, 
of 800 gal. per min. capacity, and is distributed to each cell through 
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a system of hard-rubber pipe and fittings and soft-rubber hose, supported 
below the operating floor. This piping system was originally of brass, 
but current leakage and electrolytic corrosion in all parts led to the sub- 
stitution of rubber. Long lengths of hard-rubber pipe are avoided; 
fittings with nipples are used, and these are connected with lines of pure 
gum hose. This has proved to be a very satisfactory and flexible system. 

Anoljrte is supplied to the cell through a 13^-in. manifold distributor 
of hard rubber, supported on blocks that rest upon the tops of the 
cathodes, as illustrated. The solution enters at one end and discharges 
through eighteen short nipples on each side of the distributor. Short 
rubber tubes attached to the nipples hang down between the cathode 
sheets to deliver the solution without splashing. The rate of flow to the 
cell is from 16 to 18 gal. per min. 

The feed manifold must be removed before the anodes or cathodes 
can be taken from the cell. Being of rubber, it is light and easily handled 
and the flexible hose connection allows it to be moved about freely. 

The anolyte, carrying the white lead in suspension, leaves through 
the base of the cell, rises through the inverted siphon, and overflows the 
dam in the overflow box. The level of the anolyte in the cell is main- 
tained as high as possible, to secure maximum immersion of anodes. 
The overflow lip discharges into the box with the normal discharge, but 
is used only as a safeguard, as maximum volume of discharge through the 
bottom is necessary to prevent settling and accumulation of white lead 
in the cell. 

A low-pressure air connection enters the discharge line at its 

lowest point, this is used as an air-lift in cleaning the cell. 

From the discharge side of the overflow box on the cell, the anolyte 
and white lead flow through a rubber hose to a system of rubber-lined 
launders, below the operating floor, and leading to a sump. In entering 
the sump, the combined discharge from all cells flows through a 100-mesh 
copper screen, to remove any foreign material that might fall into the 
cell and later cause trouble in the pumps. From the sump the anolyte, 
carrying approximately 0.5 per cent, white lead in suspension, is pumped 
to the thickener. This is a standard Dorr thickener 25 ft. in diameter 
and 10 ft. deep, with lead-covered steel mechanism and bronze rakes, 
the tank is of concrete lined with asphaltum enamel. 

The white lead settles rapidly and is normally thickened to 20 per 
cent, solids. The thickened pulp is drawn from the thickener by a 
standard Dorrco pump and delivered to a 7500-gal. concrete tank for 
storage prior to filtration, A small amount of settling and further 
thickening occurs in this tank upon long standing; the final pulp contains 
approximately 30 per cent, solids. The clear anolyte overflow from the 
Dorr thickener flows to the anolyte feed sump and is pumped back to the 
cell room. In warm weather the anolyte requires cooling, this is 
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done in a copper-tube heat interchanger, using city water as a 

cooling medium. . i rpi 

The normal volume of anolyte carried in the plant is 70,000 gal. The 

anolyte enters and leaves the cell at the same chemical composition, and 
there is no decomposition or fouling of the solution in the process. 
Changes in volume, due to leakage, evaporation, and the decomposition 
of water, are made up by addition of fresh water through the washing 
cycle at the filter and returned to the anolyte with the filtrate. 

Catholyte is delivered to the cell room by gravity pressure from a 
10,000-gal. tank, having a constant-head overflow, which maintains a 
pressure of approximately 12 in. of water at the point of dehvery to the 
cell. It is distributed to the cells through a system of rubber hose and 
piping similar to that carrying the anolyte. At each cell is a ^-in. 
rubber manifold, supported on insulating blocks on the side of the cell, 
as illustrated. This manifold has seventeen 3^-in. outlet nipples, and 
each nipple is connected by a soft-rubber hose 18 in. long to the feed 
tube of a cathode frame. 

The catholyi;e is discharged from the frame through a spout and flows 
through a shallow launder in the cell body to a discharge pipe at one 
corner of the cell. A short length of hose delivers the stream to a rubber- 
lined launder running the length of the cell room, beside each row of 
cells. The launders deliver to a common discharge line of iron pipe 
leading to a sump. The rate of circulation of catholyte is approximately 
3.5 gal. per min. per cell. 

The catholyte discharge system was first made of iron and later of 
rubber piping and hose. The present combination of open spout dis- 
charge on the frame and open launders leading from the cells was adopted 
to eliminate difficulties caused by entrained hydrogen, which produced 
gas pockets in the lines and consequent overflows. 

The spent catholyte discharged from the cell room is pumped from the 
sump to the carbonating towers, where it is restored to its original 
composition and is returned to the catholyte feed tank by a 250 gal. 
centrifugal pump. 

Carbonating System 

The catholyte is carbonated by passing down in a shower through 
towers against a rising stream of carbon dioxide. There are three towers 
of standard type; each consists of a concrete shaft 8 by 8 by 213.^ ft. high, 
inside, lined with steel. The base forms a sump, a 10-ft. section of the 
upper shaft is packed with a standard tower filling of vitrified tile. The 
catholyte is introduced at the top in a series of gutters with notched 
edges, and showers downward through the filling. Solution to the 
depth of 24 in. is kept in the base of the tower at all times. The bases 
erf the three towers are connected through a common discharge line lead- 
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ing to a steel overflow box. This box is divided by a dam, with an 
adjustable weir and screen, over which the carbonated solution flows 
and returns to the system. 

Carbon dioxide is produced by burning coke in a deep bed in the 
firebox of a 35-hp. locomotive-type boiler, which operates as a suction gas 
producer. The gas is drawn from the stack of the coke boiler through a 
wet cyclone collector, which acts as a cooler and removes dust, soot, and 
traces of SO 2 . It then rises through tile-filled towers, duplicates of the 
carbonating towers, where any remaining moisture or dust is collected, 
and then enters the fan. The fan is a 500 cu. ft. centrifugal compressor 
with a maximum pressure of 2 lb., it delivers gas to the three 
towers simultaneously. 

The gas enters the tower under a perforated steel plateJ!|covering 
the bottom of the tower base, rises through the solution, and through the 
tile-filled portion of the tower, to be discharged to the atmosphere. The 
gas secured is clean, but a certain amount of CO 2 is dissolved out by 
repeated washing; the gas averages 12 per cent. CO 2 by volume. A 
carbon dioxide recorder is used for control. 

Filter 

The white lead from the thickener is filtered and washed on a Moore 
filter, using four counter-current washes and one final wash with hot 
water. The primary requirements of the filtering operation are that the 
white lead be washed entirely free of all soluble salts remaining from the 
anolyte, and that this washing be under control at all times. It is also 
desirable, from the standpoint of economy, to secure as complete a 
recovery of these salts as possible and to deliver a cake of low moisture 
content to facilitate rapid drying. 

The Moore filter was adopted for the original plant as it fulfilled^the 
first requirements. Considerable experimental work has since been 
done on other types of filters, both intermittent and continuous, but none 
offers any substantial advantage over the Moore type, though the present 
equipment could be greatly improved and simplified mechanically. 
A general view of the Moore filter is shown in Fig. 10. 

The present installation consists of a series of seven rectangular con- 
crete tanks 7 by 7 by 7}4 deep, over which the filter frames, or 
baskets,^' are handled by a 4-ton, electric, monorail hoist. The basket 
has six leaves, each 5 by 6 ft. quilted in the usual manner and using fluted 
wood inserts. The supporting structure of the basket is made entirely 
of wood and brass, to prevent contamination of the product. Vacuum 
pumps, receivers, piping and hose connections follow the standard 
arrangement for filters of this type. Provision is made for operating 
four baskets simultaneously, though normal operation requires but two 
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Each tank is equipped with a grid of perforated pipes in the bottom, 
for agitation, a small blower supplies air at 5 lb. pressure to all tanks. 
Wash water is heated to 125° F. by steam mixing valves, as it is delivered 
to the tanks. A normal vacuum of 20 to 26 in. is carried on the line, 
representing about 14-in. vacuum at the filter basket. 

The normal pulp drawn from storage, following the thickener, contains 
70 per cent, anolyte solution and 30 per cent, white lead. A cake 2 in. 
thick, weighing approximately 4000 lb. (dry basis) is built from this 
pulp in 20 min. 

The four counter-current washes, of 600 gal. each, build up to proper 
strength for return to the anolyte system in the washing cycle; the final 
wash of approximately 5000 gal. of pure water at 125° F. goes to waste. 


RefinedLead 



The length of the final wash on each cake is determined by sampUng 
and titrating, at regular intervals, the wash water discharged from the 
vacuum receiver. Washing is continued until the soluble salt content 
of the discharge falls below a certain fixed minimum, the cake is then 
discharged into a small bin, from which it is elevated to a larger bin for 
storage preparatory to drying. 

The normal washed cake discharged from the filter contains approxi- 
mately 45 per cent, water. Because of the fineness and uniformity of the 
white lead, the cake at this moisture content is quite firm, and can be 
handled by a screw machine and incHned belt-and-bucket elevator. 

Dryer 

The washed pulp from the filter is stored in a rectangular wooden 
bin with two hopper-bottom discharge openings. Under each discharge 
opening is a ribbon machine, or spreader. The spreader resembles a 
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brick machine and consists of two parallel horizontal feed screws, 
which receive the pulp from above and force it out horizontally through 
a nozzle in the form of a flat ribbon, 2 in. thick and 22 in. wide. A 
sprocket and chain conveyor passes under the spreader nozzle. The 
dryer trays are placed end to end on this conveyor and carried under the 
nozzle; each receives a layer of pulp covering its entire surface. As 
the trays emerge from under the nozzle, they are lifted by hand and 
placed in tiers on the dryer cars. The dryer tray consists of a flat sheet 
of aluminum 3^^-in. thick, 22 by 36-in., perforated with Ke-in* holes and 
surrounded by a rim high of rolled aluminum shapes, riveted to 

the sheet. 

The dryer cars are of steel, of standard pattern, by 5 by 5^ ft. 
high. Each car has rack space for twenty trays in two tiers of ten trays 
each, spaced 5 in. apart. 

The dryer consists of two parallel brick tunnels each 4 by 6 ft. in 
cross-section, inside, and 250 ft. in length. A 30-in. gage track passes 
through each tunnel and a single return track on the outside serves 
both tunnels. The tunnel tracks and the return track are connected 
through three turn tables at each end of the tunnels. One tunnel is 
equipped with an endless chain car-haul, running its entire length between 
the rails, the chain carries dogs which engage each car. The other 
tunnel has a friction winch and cable for advancing the cars. The 
tunnels are closed by steel doors at both ends. 

The two tunnels are operated in parallel. The cars advance against 
a stream of hot air forced into both tunnels simultaneously at the car 
outlet end. The air is supplied by a single 48-in. Sirocco fan, which 
draws air from the outside through a spray washer and forces it through 
two banks of heating coils to the ducts entering the tunnels. The coils 
are heated by steam at 90 lb. pressure. 

The air enters the car outlet end of the tunnel at 120° C. and leaves 
the opposite end at 60° C. and approximately 70 per cent, relative humid- 
ity, Recording thermometers and hygrometers allow good control of 
dryer conditions. The white lead pulp enters the dryer at 45 per cent, 
moisture and is discharged at approximately 0.20 per cent. The allow- 
able limit of moisture content is 0.50 per cent. Passage through the 
dryer requires about 16 hours. 

The dried product is discharged by removing the trays by hand and 
dumping the white lead into the boot of a belt-and-bucket elevator, 
which delivers it to a wooden bin of 20 tons capacity, for storage. Each 
car is sampled before dumping, the appearance and ^^feeP' of the dried 
white lead is a reliable indication of its moisture content. This is 
checked by a laboratory determination of moisture for each shift. 

At the dryer discharge, the material closely resembles lump starch in 
appearance and texture; it is ‘‘bone dry” and falls to a fine powder under 
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slight pressure of the fingers. The preparation of this material for 
barrelling involves merely the crushing of these soft lumps. No true 
grinding, in the sense of the reduction of the size of particle, is required. 
The particle size is determined in the initial formation of the product in 
the cell and remains unchanged through subsequent operations. 

As stated, the equipment for handling the product in the present 
plant has been selected for the quality of the work done and the control 
afforded, and does not represent the most efficient and economical equip- 
ment for the purpose. This is particularly true of the drying operation. 
The tunnel dryer, using trucks and trays, is a standard machine and 
affords a complete control of conditions affecting the final product. The 
product is, therefore, safe and a good opportunity is given for studying 
the peculiar requirements of the material being handled; however, the 
tunnel using a single pass of air heated with high pressure steam has a 
high operating and repair cost and a very low overall operating efficiency. 
The drying characteristics of electrolytic white lead are now understood 
and extensions of the plant will include continuous automatic drying 
equipment adapted to the material. 


PULVEEIZING AND BARRELING 

From the storage bin, the dried white lead is delivered to a three roller 
Raymond mill with standard air separation system, this delivers an air- 
floated product, entirely free from lumps, for packing. The pulverized 
product is delivered to a standard heavy-duty barrel packer and packed 
m barrels for shipment. The standard shipping package is a wooden 
flour barrel with tongue and groove staves, four wood and four wire 
hoops. No liner is used. This barrel holds 600 lb. of dry white lead. 


Anode Slime Production and Recovery 

Lead of practically any composition may be used for anodes in this 
prwess without affecting the purity or quality of the white lead produced 
T^ me^s, other than lead, in the anode are recovered in the form of a 

“ recovered by removing 
fiwn regular mtervals and scouring the surface clean. The 

frequency of removal is determined by the amount of slime-formine 
matenal pr^nt, and is based on two considerations— the increase of 
of cell and consequent power loss with accumula- 
insoluble-anode action of a slime-coated anode, 
result^ in the decomposition of sodium acetate. The present nlant 

Booat lieaa Keflmng Co. The average composition is as foUows : 
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Silver, ounce 

0.29 

Copper, per cent 

0.0004 

Lead, per cent 

99.87 

Zinc, per cent 

0.0029 

Antimony, per cent 

Arsenic, per cent 

0.012 

0.0005 

Bismuth, per cent 

0.111 


The slime produced from anodes of this lead has the following 
composition: 

Silver, ounce 33.3 Copper, per cent 0.06 

Lead, per cent 66.17 Zinc, per cent 0.40 

Antimony, per cent 1.86 Bismuth, per cent 10.35 

Arsenic, per cent 0.08 

The lead in the slime is present largely in the form of white lead, held 
mechanically by the slime, the remainder as metallic sponge, scoured 
from the surface of the anode by the washing operation. 

An interesting point is the presence of a small amount of lead sulfate 
in the slime, though none appears in the white lead. The only source of 
sulfur in the process is from traces of SO 2 in the CO 2 used for carbonation 
of the catholyte. This appears to migrate to the anode, where it is 
oxidized, .precipitated and removed with the slime, thus protecting the 
white lead from contamination. All other metals in the slime appear to 
be in the form of metallic sponge. The slime is dark gray, extremely 
fine, and adheres to the anode as a smooth coating. The rate of pro- 
duction of slime is approximately 250 lb. per 24 hr. 

Each set of anodes is removed and washed at 12-hr. intervals. The 
eighteen anodes are picked up, as shown in Fig. 4, and lowered into a 
wash tank through a grid of spray pipes and stiff bristle brushes, which 
scour and wash the anode surface bright and clean. The water used for 
this purpose is the discard from the Moore filter, which contains traces of 
sodium salts and serves to precipitate any soluble lead in the slime. The 
slime from all wash tanks is pumped to settling tanks, from which 
it is removed periodically and disposed of for its lead, silver, and 
bismuth content. 

The washing operation requires 10 min. per cell, which is time lost, 
but gives an opportunity for regular inspection of the cell and cathode 
frames, cleaning of contacts, etc., which helps to keep the cell in uniformly 
good operating condition. 

Electrical Equipment 

Electric power is purchased from a local company. All power used 
at the white lead plant, as well as the refinery and other departments 
located on the same property, enters on one line and is distributed 
through the substation at the white lead plant. The incoming power is 
all transformed from 11,000 to 2200 volts, and a portion is further 
stepped-down to 440 volts for distribution. 
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All operating units in the plant have individual motor drive. The 
dryer fan and Raymond mill are driven by 2200-volt a.c. motors, all 
other motors are 440-volt, a.c. Monorail hoists in the cell room and at 
the Moore filter are operated by direct current at 250 volts. Direct 
current for electrolysis is supplied at 170 volts. 

The substation equipment consists of the transformers and switch- 
board equipment for distribution of all power, the motor-generator set 
for supplying power to the cells, and a small motor-generator set for 
furnishing 250-volt direct current to the hoists. The generator for 
supplying power to the cells is a General Electric type M. P. C., 8-875-514, 
Form L, designed for 3600 amp. at 240 volts and a speed of 514 r.p.m. 
This is direct-connected to a General Electric synchronous motor. Type 
A-T-1, 2200 volts, 328 amp., 60 cycles, 1250 hp. The small motor- 
generator set consists of a 250-volt, 25-kw., d.c., generator direct 
connected to a 35 hp. motor. Type KT, 440 volts, 412 amp. Air for 
cooling the motor generators and transformers is drawn from the outside 
through a spray washer and cooler and forced down upon the machine 
through piping suspended from above. 

Boiler House 

Steam at 90 lb. pressure for heating the dryer, heating water at the 
Moore filter and for heating buildings in winter, is supplied by two 60 
hp. and one 150-hp. locomotive-type boilers. The 35-hp. boiler used as a 
producer for carbon dioxide is also connected to the main steam line. 

Flow Sheet and Operating Data 

A general operating flow sheet of the plant is shown in Fig. 11. Mis- 
cellaneous operating data are tabulated below ; 

New anode weight, pounds 

Scrap anode weight, pounds 

Time of corrosion, hours 

Cell voltage 

Current density, amperes per square foot 

Current efficiency, per cent 

Anolyte temperature, degrees C 

Thickener feed, per cent, solids 

Thickened pulp, per cent, solids 

Washed filter cake, per cent, solids 

Dried product, per cent, moisture 

Dryer temperature, maximum, degrees C 

Characteristic op Product 

The outstanding characteristics of the white lead produced by the 
electrolytic process are exceptional purity and uniformity, extreme 
fineness of grain, and brilliant whiteness. 


250.00 

75.00 

85.00 
3.50 

29.60 

97.0 

40.0 
0.50 

30.00 

55.00 
0.20 

120.00 
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Basic lead carbonate has the formula 2 PbCOs Pb(OH)s, representing 
the following percentage composition. 

PbCOsi per cent 68.90 Total Pb per cent 80.14 

Pb(OH) 2 , per cent 31.10 Total CO 2 , per cent 11.35 

Normal lead carbonate, hydrate, and basic lead carbonate have 
distinctly different physical properties; the normal carbonate is crystalline 
and the hydrate amorphous, while the basic carbonate, though crystalline 
under the microscope, possesses certain peculiar properties that cause it to 
work well as a pigment. Both normal lead carbonate and lead hydrate 
are unsuitable for use as pigments. Commercial white leads contain 
various mixtures of normal carbonate and hydrate with the basic 
carbonate, approaching the theoretical composition of basic carbonate 
as a mean, but varying from it considerably in physical characteristics. 

The electrolytic process furnishes an exact control of chemical com- 
position and yields a pure basic carbonate free from contamination by 
other lead compounds or by other metals contained in the original lead. 
The soluble salts from the electrolyte are easily removed by washing, 
and their neutral or alkaline character insures a product free from 
acidity or soluble lead. The particle size is that obtained by precipita- 
tion, and is much finer and more uniform than would be obtainable 
by grinding. 

COLOK 

The product is a brilliant white, this is the result of both purity and 
fineness. This property is of importance in a pigment, not only in 
yielding a white paint of great beauty but in its effect on other colors with 
which the pigment is combined in mixed paints. 

The control of color of product in the electrolytic process lies almost 
entirely in simple protection against dirt. The color of the normal 
electrolytic white lead is very little affected by irregularities in operation, 
such as would affect the CO 2 content of the product, as both lead hydrate 
and lead carbonate are white compounds. It is possible, however, under 
very irregular conditions, such as the complete interruption of circula- 
tion in a cell, to form lead oxides, that are highly colored and will throw 
the entire product '^off color.'' This represents an unusual condition 
and would be accompanied by other effects still more noticeable. 

Extremely small amounts of foreign matter have a noticeable effect 
on the color and, once in, their removal is practically impossible. Purity 
of color is a much better indication of freedom from such contamination 
than any chemical analysis. 

The plant includes no operation calculated to remove contamination 
from the cell-room product. The white lead is protected by proper 
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selection of the materials with which it comes into contact, and by the 
covering of all tanks and bins to exclude dust. 

A series of samples of the white lead, one representing its entrance 
to each stage of the operation, is taken every 24 hr. Each sample is 
compared with a standard and any color irregularity is easily detected 
and checked. 

The final barrelled product is sampled as it is packed. A color 
analysis is made on each day^s production, using the Pfund Colorimeter. 
A standard is run simultaneously with each sample. This furnishes a 
complete color record of all production and insures a uniform 
shipping standard. 

Hiding Power 

Due to its extreme fineness and uniformity, electrolytic white lead 
produces a paint that may be brushed out very thin, forming a film that 
dries hard and possesses the same opacity and hiding power as much 
thicker coats of paint made from coarser, less uniform pigments. 

These characteristics mark the product, and the process that produces 
it, as noteworthy advances in a field that constitutes one of the principal 
industrial applications of lead. 
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Lead Smelting in Utah 

By B. L. Saokbtt,* Carlos BARDWBLL,t Simon Jacobson,! and N. H. Jensen 5 

Tooele, Utah 

(Salt Lake City Meetins, September, 1925 ) 

Lead smelting has been an important industry in Utah for many 
years. The first lead smelting was done, over 60 years ago, at the Rollins 
mine in Beaver County, by burning heaps consisting of alternate layers 
of wood and high-grade carbonate ore. The lead thus obtained was 
molded into bullets. With the development of the mines, the problem 
of cheaper handling of the ore became important. The only outlet for 
this ore was Swansea or the Atlantic Coast but to ship to either cost 
$150 per ton or more for treatment and handling. 

From 1864 to 1871, experimenting was done with blast, Scotch hearth, 
and reverberatory furnaces, with the blast furnace surviving as the 
standard plant. The first crude furnaces were circular or hexagonal in 
shape, and were made of adobe and stone, which quickly burned out. 
They were small, about 2)^ ft. in diameter, and smelted from 3 to 10 tons 
in 24 hr. The metal had to be tapped from the bottom of the crucible, 
necessitating a shut down of the furnace during this process. This pro- 
cedure caused salamanders to form around the tap hole when the furnace 
was started again, which frequently resulted in freezing. The campaign 
lasted until a tap of bullion was made. The first successful plant of the 
crude stone type was operated in 1870. 

From 1870 to 1872, there was a smelter building craze in the state. 
During that period, about 20 furnaces were built, chiefly near the mines, 
and their operation was limited and sporadic. The work was then placed 
in the hands of trained metallurgists, who standardized on the rectangular 
form of furnace. In 1871, Daggett, at the Winnamuck mine in Bingham, 
installed water-jackets around the smelting zone of the furnaces. These 
furnaces were circular; the diameter at the tuyere line was 3 ft. 6 in. and 
at the charge floor 5 ft. 3 in. The height from tuyere line to charge floor 
was 14 ft., height of tuyere line above top of crucible was 3 ft. 8 in. Fur- 
nace capacity was about 14 tons per day, with a campaign of about 16 
days. Cost of smelting was about $44 per ton. The ores making the 
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charge mixture were bedded on the feed floor of the furnace, as was the 
common practice at that time. The siphon lead well was invented almost 
simultaneously at Eureka, Nev., and at the Sultana smelter in American 
Fork canyon; credit for the invention has gone to Arents at the Eureka 
smelter. This well permitted a continuous furnace operation. 

Although many oxidized ores high in iron were treated, these isolated 
plants had to get some hematite, for flux, from Wyoming, at a cost of 
about $26 a ton. The fuel was entirely charcoal, made by burning avail- 
able woods; this resulted in so poor a quality that some plants secured 
their supply of fuel from Sierra Nevada burners. By either plan, the 
fuel cost from $22 to $25 a ton. 


Centralization of operations started at this time with the building, 
in 1872 at Murray, of the Germania plant; at first this was only a refinery, 
the lead stacks being added two years later. Other custom plants were 
also in operation in the Salt Lake valley. The Germania plant con- 
sisted of one reverberatory furnace for roasting ores and matte or slagging 
flue dust, three shaft smelting furnaces, three softening and refining fur- 
naces, seven pots for desilverization of lead by zinc, six zinc distillation 
furnaces, and three English cupel furnaces; it was rated among the most 
important metallurgical plants in the West. 

Some of the plants made matte, others did not. Where matte was 
made, it was either heap-roasted or roasted in hand-rabbled reverbera- 
tory furnaces. Most of the roasting showed a slight loss in lead and but 
slight lowering of sulfur. Flues from the roasting furnaces were divided 
into compartments to effect a dust saving; the compartments had open- 
ings through which the dust could be hoed. Here also was the forerunner 
of the baghouse, as some of the plants suspended battens or filters of 
cotton or wool cloth in the flue compartments. 

In the next few years, larger plants were installed. At one of the 

^ 3 ft- 6 in- at tuyeres 

Tn 1 hr R ^ ‘'f smelting mixture 

1 better fu!f at coke was largely being used, it being 

ter fuel at about the same cost as charcoal. The length of a run 

was about 4 months. The charge varied from 13 to 22 per cent lead 
the slag contained from 40 to 45 per cent, ferrous oxide, from 28 to 33 
per cent, silica, and 15 to 20 per cent. lime. Matte^^e dSt and 

Td -ting f unlaLt 
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by heap or reverberatory roasting. A number of mechanical roasters 
were tried during this period. 

By 1900, when new and larger plants were built, the Huntington and 
Heberlein pots using air blast were used for roasting and sintering. 
Adoption of mechanical equipment throughout the smelting plants 
was established to a greater degree to permit cheaper handling of 
larger tonnages. 

With the increase in fine materials and the handling of greater quan- 
tities of sulfide ores, the fume problem was presented and in the next few 
years after 1902 the smoke problem became more acute. That problem 
was met by the baghouse, of which the first was built in 1906 and put in 
operation the next year. Diffusion of gases through use of higher stacks 
was also started. Briquetting continued the practice to care for the 
fine material. 

The last period, from 1910 to the present, saw the development of 
Dwight-Lloyd machines for roasting and sintering, which greatly bettered 
roasting practice, making a porous sinter for the blast furnaces. During 
this period, also, came the Cottrell electrical precipitator for the recovery 
of flue dust and fume under conditions where baghouses were impractical. 
In the handling of ores came the bin system and the use of electrically 
operated, drop-bottom, charge cars drawing the various constituents of 
the charge from different bins. 


Present Day Smelting Plants 

There are at present three lead-smelting plants in Utah, all within a 
radius of 35 miles of Salt Lake City. 

American Smelting & Refining Co, 

The largest lead-smelting plant operated by this company is located 
at Murray, Utah, 7 miles south of Salt Lake City. Operations were 
started in August, 1901. The roasting and smelting equipment consists 
of seven standard Dwight-Lloyd sintering machines, six Wedge and five 
Godfrey roasting furnaces, and eight blast furnaces with lead dressing 
plant. The plant is also equipped with adequate, modern flue systems, 
baghouses, and Cottrell treaters for recovery of flue dust and fume. 

United States Smelting^ Refining & Mining Co. 

This company's plant is located at Midvale, Utah, 12 miles south of 
Salt Lake City. Operations were started in November, 1902, when one 
copper furnace was blown in. The first lead furnace was blown in the 
latter part of January, 1905. The roasting and smelting equipment 
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consists of six standard Dwight-Lloyd sintering machines, five Wedp and 
one McDougall roasting furnaces, and seven blast furnaces, with lead 
dressing plant. In addition, there are three Brunton arsenic furnaces 
and two arsenic refining furnaces. The plant is equipped with large flue 
system and baghouses for recovery of fume and flue dust. 

International Smelting Co, 

The lead plant operated by this company is located near the Salt Lake- 
Los Angeles line of the Union Pacific R.R., 35 miles southwest of Salt Lake 
City. It is connected to the Union Pacific by 6 miles of its own track. 
This plant was blown in as a copper reverberatory smelter in August, 
1910. Lead-smelting operations were started in February, 1912. The 
lead-roasting and smelting equipment consists of ten standard Dwight- 
Lloyd sintering machines, eleven McDougall roasting furnaces, and five 
blast furnaces, with lead dressing plant. Ample flue systems, baghouses 
and Cottrell precipitators are provided for fume and flue dust recovery. 

Preroasting 

Types, Sizes, and Capacities of Preroasters 

Preroasting is being done in Utah lead smelters in McDougall, Wedge, 
and Godfrey roasting furnaces. The McDougall roasters are six-hearth, 
16-ft. furnaces treating 40 to 80 tons of wet feed per 24 hr. and eliminating 
sulfur from 32 to 35 per cent, in the feed, to 11 to 17.5 per cent, in the 
calcine, the greater sulfur elimination accompanying the lower tonnage. 
The Wedge roasters are eight-hearth 21-ft. furnaces with the top hearth 
as a drying hearth. These furnaces treat 80-115 tons wet feed per 24 hr. 
with about the same sulfur elimination as in the McDougall roasters. 
The Godfrey furnaces are single-hearth, 25-ft. diameter roasters. The 
hearth revolves and the rabbles are stationary. The furnaces treat 20-25 
tons of feed per day. The sulfur elimination is from 33 per cent, sulfur 
in the feed to 12 per cent, sulfur in the calcine* 

The rabble arms in McDougall furnaces are water-cooled. The 
Wedge furnace arms are water-cooled, except in two instances where air 
is used for cooling. The air cooling used in the later type Wedge furnaces 
is working very satisfactorily. 

Making U p Preroasting Charges 

The methods of making up the charge for preroasting furnaces are 
very much the same. The various ores and concentrates are delivered 
from storage bins to a conveyor, in the proportions in which they are to 
be used. This conveyor delivers to the roaster-feed hopper or bin. The 
ouly mixing of the charge takes place as it is delivered from the conveyor 
to the hopper and as it works down through the hopper. The proportions 
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of table or jig concentrates, flotation concentrates, crude sulfide ores, and 
matte are variable and will change from time to time with the ore supply 
for each plant. One plant is treating a mixture of 30 per cent, flotation 
concentrates, 30 per cent, table concentrates, and 40 per cent, crude sul- 
fide ore. Another plant is treating a mixture of 50 per cent, table con- 
centrates and 50 per cent, crude sulfide ore. The third plant is treating 
a mixture of 60 per cent, flotation concentrates, 20 per cent, table con- 
centrates, and 20 per cent, crude sulfide ore or matte. The crude sulfide 
ore or matte treated in a preroasting furnace must be crushed fine, in 
order to eliminate sulfur to any great extent. Two of the plants have 
special grinding machinery, with vibrating screens returning oversize to 
the rolls, for preparing sulfide ore for roasting. The maximum size 
from these mills is in., the other plant grinds through H-in. revolving 
“trommel” screens. 


Feeding Devices 

The feeding device on the McDougall roasters consists of plungers 
moving on a feed plate directly across the bottom of the feed hopper, 
forcing a definite amount of feed out of gate openings at the bottom of 
the hopper. The plungers are driven, by an eccentric, direct from 
the furnace column. The gate openings at the hopper bottom and the 
plunger throw are adjustable, giving fairly close regulation of feed. The 
feed drops on to the first hearth and is moved on through by the rabbles. 
The Wedge furnaces are equipped with belt feeders driven by a worm and 
gear independent of the furnace drive, except in one case. This one fur- 
nace has two disk feed tables at opposite sides of the furnace; these tables 
are turned by each rabble arm as it goes by. The amount of charge fed 
is regulated by the depth of charge carried on the feed table from the 
feed hopper. The feed on all the Wedge furnaces drops on to the top, or 
drying, hearth and is carried through the furnace by the rabbles. 

The charge of the Godfrey furnaces is delivered from a screw con- 
veyor connected to a variable-speed drive; this allows a very positive 
regulation of feed to the hearth. 

Sulfur Elimination and Degree of Calcination 

The sulfur elimination varies materially with the amount of feed 
treated in a given time. On the McDougall roasters, with about 40 tons 
of feed per 24 hr. containing 33-35 per cent, sulfur, the calcine will con- 
tain 10.5 to 11.5 per cent, sulfur. If, however, the amount of feed treated 
in the 24 hr. is reduced to about 30-32 tons, the calcine produced will 
contain 7-8 per cent, sulfur. On the other hand, if the feed treated is 
raised to 70-80 tons per 24 hr., the calcine produced will contain from 16- 
17.5 per cent, sulfur. This same relationship holds true on Wedge 
roasters. The degree of calcination on McDougall roasters making a 
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low sulfur calcine will average about 1.13 tons of feed into 1.00 of calcine. 
Degree of calcination on Wedge and Godfrey roasters will average about 
the same. The sulfur in the charge is usually sufficient to furnish the 
necessary heat for roasting in McDougall and Wedge furnaces. If a 
large tonnage, such as is treated at one plant, goes through a furnace, 
additional heat is necessary to eliminate sulfur. One plant, treating 
80 tons of feed through a McDougall furnace, fires on three or four 
hearths, using one or two oil burners on each hearth. Another plant, 
using McDougall furnaces, has fireboxes for coal firing on the third hearth 
but uses them only occasionally. The third plant has oil burners on sec- 
ond and third hearths that are used at times. The necessity for this 
extra firing is dependent on the amount of sulfur in the charge, physical 
characteristics of the charge, and the sulfur elimination required. In 
the case of Godfrey furnaces, considerable fuel must be used as the charge 
is in the furnace for a short time only; 7-8 gal. of oil are used per ton of 
charge on these furnaces. 

Operation and Difficulties 

The main difficulty encountered in the preroasting operation is the 
upkeep of the furnaces. The burning of the sulfur from these lead ores 
and concentrates produces a great deal of heat. The larger the amount 
of flotation concentrates, the more heat liberated on the early roasting 
hearths. This tends to fuse the charge into a solid mass and, if this does 
happen, the rabbles will be unable to plow through the bed and the fur- 
nace will stop. This always means a large amount of barring on the 
hearths. The rabbles themselves burn very badly in a deep bed of hot 
charge and require frequent changing. The rabbles, or rakes, on Wedge 
roasters are larger and heavier than on McDougall furnaces and conse- 
quently have longer life. The faster the rabble arms move, the less 
material there is on each hearth for a given furnace tonnage. A certain 
time must be allowed, however, for the heating up of the charge and the 
burning off of the sulfur. On McDougall roasters, the most efficient 
speed for the rabble arms has been found to be from 58 to 60 sec. for one 
complete revolution. On the Wedge furnaces, the time for one revolution 
varies from 150 to 226 sec. If the rabbles travel slower than this, the 
bed is too deep to allow thorough exposure to the air for burning; also, 
the deep bed burns the rabbles off badly and tends to fuse more readily. 
If higher speed is used, the sulfur elimination is not as great. 

Matte Roasting 

One of the Utah plants is preroasting blast-furnace matte in a Wedge 
roaster for matte concentrating runs at the blast furnaces. This matte is 
ground through screens and is handled through the roasting furnace 
in exactly the same way as the ore mixture on the other roasters. Some 
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additional heat is required at times, but if the matte is ground fine enough 
extra heat is seldom required. This furnace roasts matte from 22 per 
cent, sulfur down to 17 per cent, sulfur, and is doing splendid work; its 
output is about 75 tons of matte per furnace day. 

Handling of Calcine 

All the Wedge furnaces and the McDougall roaster used at one plant 
have water sprays at the end of one rabble arm on the last hearth. These 
sprays use the cooling water, where the furnace is water-cooled, and have 
a separate water connection, where air cooling is used. As the rabble 
travels around the hearth, the calcine is sprayed and rabbled over to the 
drop hole. When it finally drops off the last hearth it is cool and contains 
about 5 per cent. H 2 O. Some of the Wedge furnaces have a revolving 
disk table below the last hearth, where further wetting can be done before 
delivering calcine to storage bins. This procedure puts the calcine in 
good condition for use at the sintering machines. At the other plant 
using McDougall roasters, the calcine is discharged from the last hearth 
into a storage hopper from which it is drawn hot into railroad cars. 
From the cars, the calcine is dumped to sinter plant mixing bins. Great 
care must be taken when dumping this material into bins to see that no 
wet material is mixed with it, as this will cause explosions with the hot 
calcine. The calcine from the Godfrey furnaces is moistened as it leaves 
the moving hearth to the hopper; about the same moisture is carried in 
this calcine as in the Wedge and McDougall calcine. 

Sintering 

The sintering machines used at the three Utah plants are all standard 
Dwight-Lloyd, 42 by 264 in. They have a capacity of from 100 tons to 
225 tons per machine-day, according to the speed at which they are oper- 
ated and the nature of the charge; the pallet speed varies from 15 to 33 in. 
per min. The pallet travels over a 22-ft. suction, or wind, box, in which 
a suction of 8 to 10 in. of water is maintained by a fan. Each machine 
is driven separately and has its own fan and motor. At one of the plants 
75-hp. motors are used to drive the fans; at the other two plants 50-hp. 
motors are used. The machines are driven by variable-speed motors, 
which allow variations in the pallet speed. 

Stewart grates are used at all the plants. This grate consists of three 
loose, or movable, grates and four that are held tight in the pallet. As the 
pallet is dumped at the end of the machine, the movable sections tip a 
little, thus cleaning the grate. This is an important feature, as consid- 
erable difficulty was encountered keeping open the old type, straight 
slot grate. 

Mechanical Feeders 

The mechanical feeders at the machines used at the different plants 
all aim at the same result, which is to deliver the charge on to the grate 

▼OL, Lxxm. — la. 
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in such a way that the coarse material rolls down to the grate first and the 
finer material falls upon that. This bedding on the grate keeps the fines 
from dropping through and also keeps the lower part of the charge more 
porous, allowing the air to be drawn down through the bed more readily. 
One plant has two types of feeders in use. One is a belt feeder with a 
variable-speed cone drive, which delivers the feed from the hopper on to 
a feed plate, the face of which is set at about 15° from vertical and is 
shaped like a segment of a truncated cone. The charge delivered from 
the belt conveyor drops on to the top of this conical plate and, in rolling 
down its face, is distributed the full width of the pallet. As the feed 
leaves this feed plate, it strikes against another, vertical plate, set a few 
inches above the grates, which causes the coarser material to rebound 
from it farther than the finer material. This gives the desired bedding 
and distribution of the charge on the grates. The vertical plate acts as 
a scraper that may be raised or lowered, thus regulating the depth of the 
bed of ore on the pallet. The other feeder used at this plant is the same 
in every way except the belt feeder. It has a revolving disk feeder 
directly under the feed hopper. As this disk revolves, the charge is 
drawn out from the hopper on to its surface. A scraper is located just 
over the center of the conical feed plate, which scrapes the charge off the 
disk. The amount delivered by the revolving disk is regulated by the 
depth to which the scraper cuts the bed carried by it. 

Another plant uses revolving disk feeders delivering direct to a feed 
plate, which is the same as described. The third plant is equipped with 
belt feeders driven by variable-speed cones, which deliver from the feed 
hoppers to small barrel-type mixers; one at each machine. The dis- 
charge from each of these mixers goes into an oscillating chute, which 
distributes the charge very evenly over the full width of the pallet. 

Composition and Preparation of Charge 

The various materials making up the sintering charge are mixed in 
the desired proportions in much the same way at all three plants. The 
individual constituents, such as preroast, oxide fines, crude sulfide ores, 
etc., are stored in separate bins from which they are drawn in definite 
proportions, by belt or disk feeders, to a conveyor that delivers the mix- 
ture to the machine feed hoppers. The amount of each material deliv- 
ered to the conveyor is regulated by the gate opening from the bin to the 
feeder. The belt feeder is better than a disk feeder for fine, wet material 
such as concentrates, but the disk feeder works very satisfactorily on 
fairly dry material that does not readily pack. One plant delivers the 
charge from the conveyor to a pan mixer, where it is mixed by rotating 
rabbles before it is discharged on to another conveyor, which carries it to 
the machine-feed hoppers. Another plant uses no mixer, but the charge 
is transferred from one belt to another twice, thus giving considerable 
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mixing. The third plant has small barrel-type mixers for each machine 
feed hopper. 

The charge varies with the ore supply at each of the smelters. The 
proportion of crude sulfide ore, oxidized fines, preroasting material and 
concentrates is determined by the character and analyses of the ore 
supply. All the material must be finely ground in order to eliminate 
sulfur during the sintering process. The general opinion seems to be 
that the proportion of silica to iron in the charge has very little to do 
with the grade of sinter produced or with the sulfur elimination. One 
plant, where there is much flotation concentrate on the charge, finds that 
crushed lime rock helps to bed the grates properly, thus aiding sulfur 
elimination. The other two plants do not use lime rock on the sintering 
charge. Material which is quite readily fused, such as matte or slag, 
helps materially to make a hard, porous sinter. Slag or matte is being 
used at two-of the smelters, but not by the third. Crude sulfide ores 
containing considerable pyrite furnish very good fuel and tend to carry 
the sintering action down through the bed after it is ignited. 

In the three plants the sintering charge is made up as follows: 



Peb Cent. 

Per Cent. 

Per Cent. 

Sinter fines 

17 

7-8 

15 

Preroaster material 

26 

75 

40 

Crude sulfide ore 

5 

10 

5 

Table concentrates 

5 

7-8 


Oxide fines 

12 


32 

Flotation concentrates 

18 



Flue dust 

5 



Lime rock 

4 




The preparation of the charge to the sintering machine is of utmost 
importance. In the first place, the various materials must be used in 
definite proportions and the proportions of silica, iron, and lime in the 
resultant mix must be constant. The sulfur in the charge must remain 
practically constant in order to maintain consistent operation in sintering. 
The percentage of moisture in the charge must be held within very narrow 
limits. Variation in these two items will make marked irregularities in 
the sinter produced. Too much sulfur in the charge will cause the top 
of the bed to fuse as it passes under the igniting flame; then when the 
pallet has moved from under the burner, the burning or sintering cannot 
continue downwards through the charge to the grates because sufficient 
air is not drawn through. If the sulfur is too low there is not enough 
fuel present to carry the sintering on through the bed. The result in 
either case is poor sinter and poor sulfur elimination. The same condi- 
tions hold true with regard to moisture. If the charge is too wet, the 
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sulfur will uoi ignite under the burner nnd the sintering is not even 
started; if it is too dry, the sulfur ignites under the burner but does not 
continue to bum after the pallet has moved from under the burner. 
Different charges require different amounts of moisture to make the best 
sinter. One plant finds 8 per cent, moisture best for its charge, another 
finds 9-10 per cent, best, and the third finds 7-8 per cent. best. The 
sulfur in the charge averages from about 11.5 to 13 per cent. 

Two very important features in proper charging are the bedding of 
the charge on the grates and the uniformity of the charge at all parts 
of the pallet. The ideal practice is to feed the charge exactly as fast as 
the pallet bed removes it; the less feed that must be scraped back by the 
scraper plate, and still maintain a bed of uniform thickness, the better. 
A building up of the charge at the scraper plate tends to pack the bed, 
makin g it more difficult to sinter the charge properly. If much of the 
coarse material goes to one side of the pallet and the fines to the other, 
neither part makes sinter, as the air does not penetrate the fine part and 
the coarse part does not contain enough sulfur for its sintering. The 
depth of bed carried may be varied by raising or lowering the scraper 
plate; this depth is 4 and 5 in. at different plants; the depth of the pallet 
itself is 4 inches. 


Firing 

The sintering charge is ignited with oil burners at all three of the 
plants; using high-pressure burners with engine distillate or gashouse oil 
of about 36- 38° B6. The oil is fed by air pressure to the burner and the 
air is supplied under 90 lb. pressure. One of the plants is trying out a 
Hauck low-pressure burner (35 oz. air) with good results. The burner 
is placed at one edge of the pallet and the flame is directed across the 
pallet. The flame must carry entirely across the pallet in order to give 
proper ignition to the charge. A muffle hung over the top of the bed, 
directly in line with the burner, confines the heat to the top of the charge, 
thus protecting the operator. The muffle is made of V-shaped cast-iron 
blocks at one plant and of brick at another; the third plant uses a water- 
jacketed brick-lined muffle. Oil consumption at the different plants is 
between 0.45 and 0.60 gal. per ton of charge. 

Sinter Fines 

Each of the three plants is equipped with grizzlies at the discharge 
end of sintering machines to screen out the fines. This fine material is 
higher in sulfur than the coarse sinter and is returned in the feed to be 
resintered. One plant sends these sinter fines on an armored conveyor 
directly back to the feed conveyor to the machines. Another plant 
delivers tiiem, by means of screw conveyors, to railroad cars, which in 
turn Me dumped to one of the feed bins above the miYing floor. The 
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third plant discharges these fines to small cars; they are then dumped into 
the mixing bins thence back as part of the charge. The amount of fines 
produced varies a good deal with the quality of sinter being produced and 
with the spacing of the grizzlies. One plant produces about 17.0 per cent, 
fines; another plant 7-8 per cent., the third about 15 per cent. The 
grizzly spacing, respectively, for these percentages of fines is ^ 
and % inch. 

Sulfur-elimination Tonnages 

The percentages of sulfur in the feed to the sintering machines at the 
three plants is much the same; it ranges between 11.5 and 13.0 per cent. 
The sinter produced ranges from 3.5 to 4.5 per cent, sulfur. The degree 
of sintering is quite constant; averaging about 1.115 tons of dry feed to 
1.000 ton of sinter (feed not including sinter cleanings). The rate of 
travel of pallets over the wind boxes, the depth and character of charge 
on the pallets, and the amount of effective draft are all important factors 
in sulfur elimination. 

Pallet speed and depth of charge on pallets are the determining fac- 
tors in tonnages treated. The Utah plants are using a pallet speed of 
19 to 26 in. per min., which with a depth of bed of 4 or 5 in. will produce 
110 to 125 tons of sinter per machine per 24 hours. 

Handling of Sinter 

The sinter at all three plants is delivered from the ends of the sin- 
tering machines, over grizzlies, direct to railroad cars. From the cars, 
the sinter is dumped to storage bins for use at the blast furnaces. At two 
of the plants, the sinter is sprayed with water as it is loaded into cars; at 
the other plant, the sinter is sprayed in the storage bins. 

The quality of sinter desired for the blast furnaces is porous, hard, 
and free from fines. The size of the sinter is not so important as long as 
the amount under 1 in. is small. There is bound to be considerable break- 
ing up of the sinter in dropping from the machines to the cars and in 
dumping from cars to bins; first-class sinter will not produce any great 
amount of fines from handling. 

Acid in Gases 

The gases produced by the sintering operation contain small amounts 
of SOs and considerable moisture. If this gas becomes sufficiently cool 
to permit condensation of moisture, sulfuric acid is produced which will 
quickly destroy any woolen bags in a baghouse. One of the plants, 
which handles this gas through a baghouse, introduces powdered lime 
into the gases before entering the baghouse to neutralize this acid. 
The other two plants handle this gas in Cottrell treaters and do not 
neutralize the acid. 



182 


LEAD SMELTING IN UTAH 


Elemental Sulfur 

In the process of sintering, where considerable amounts of pyrite are 
used on the charge, elemental sulfur is distilled off from the charge and 
condenses in the flues, treater, or baghouse. The presence of elemental 
sulfur in comparatively large amounts, or in smaller amounts mixed with 
finely divided carbon, has been the cause of very destructive fires and 
explosions. The amount of elemental sulfur produced seems to be quite 
definitely proportional to the amount of crude pyrite on the sinter charge. 

Blast-furnace Smelting 
Furnaces 

Lead blast-furnace smelting at the three Utah plants is much the same 
insofar as general practice is concerned. The furnaces are all quite 
similar in general design. They are rectangular and vary in width at 
the tuyere line from 48 to about 54 in. and in length from 160 to 180 in., 
the height from tuyere line to feed floor is between 24 and 25 ft. At two 
of these plants, the furnaces are provided with but a single tier of water- 
jackets, about 6 ft. high above the top of the crucible. At the third plant 
a double tier of water-jackets is used on all furnaces, thus jacketing the 
furnace at sides and ends for a height of about 15 ft. above the top of the 
crucible. This double tier of water-jackets permits much easier cleaning 
of furnace stacks than is possible where brick walls are used above a single 
tier of jackets. Widths of jackets used vary from about 32 to 60 in. 
Ten and twelve 4-in. diameter tuyeres are used on each side of these fur- 
naces, the number varying at different plants. All furnaces are provided 
with Arents siphon tap for removal of lead, on one side of the furnace, 
near the front or tapping end. 

The furnaces at the three plants are of similar construction on top. 
The gases from the furnaces are removed, just below the charge floor, 
at the back end of the furnace. The charge cars are run over the tops of 
the furnaces and the charge dropped through drop-door bottoms, over 
the entire length of the furnace at one time. When not being charged, 
the furnace tops are covered by drop or slide doors, so that but little 
smoke or dust gets out on to the charge floor. The charge cars from 
which the charges are dropped into the furnaces are quite similar, in 
many respects, at all three plants. At two of the plants, these cars are 
electrically driven; and at the third plant the charge car is carried on 
top of an electrically driven, traveling, steel framework on the charge 
floor. The drop-door bottoms are full length of the car, one door on each 
side; they are dropped by means of a latch release and are closed by 
hand-operated devices; either wind-up wheel and chains or levers and 
counterweights. The charge drops on to a steel ‘^spreader"' suspended 
within the stack of the furnace about 1 to 3 ft. below the feed-floor 
level. This spreader aids in a proper distribution of the charge, as 
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regards coarse and fines, in the furnace and breaks its fall so as to prevent 
excessive packing when charges are fine. 

Charges 

The blast-furnace charges at all Utah plants consist, to a large extent 
(55 to 75 per cent.), of sinter, made on Dwight-Lloyd machines. An 
excellent quality of lime rock from nearby quarries forms from about 
6 to 20 per cent, or so of the total charge. Coarse lead-silver ores, low 
in sulfur content, usually form an important constituent of these charges. 
Iron flux is obtained in several forms — low-grade lead-silver ores high in 
iron or manganese, barren iron flux, converter slags high in iron, and 
scrap iron of all kinds and descriptions. The remainder of the charge 
generally consists of secondaries, such as flue dust and baghouse fume, 
briquetted or loose, and furnace cleanings. To each charge is added 
the necessary amount (usually 11-13 per cent.) of coarse Utah coke. 
The weight of charge is 7500, 8000 and 9000 lb., respectively, at these 
plants; the coke is additional and is expressed as a percentage of 
this weight. 

In recent years the amount of lead present in blast-furnace charges 
has been from 10 to 25 per cent, of the total charge less returned sec- 
ondaries; usually this figure lies between 15 and 20 per cent. 

Charge Weighing 

The greatest care and accuracy are necessary in making up lead 
blast-furnace charges; each constituent of the charges must be carefully 
weighed. Charges are made up in somewhat different ways at each of 
the Utah smelters. At two of the plants, the ‘^spreading bed^' system 
is used for all direct smelting ores, but the method of handling the charge 
to the furnaces differs widely. At one plant, the direct smelting ores 
and settler barrings are bedded in wooden bins, each holding about 
600-700 tons of charge. These bins have flat bottoms with eight feed 
hoppers built into the bottom along the longitudinal center line. Each 
hopper under these spreading-bed bins is provided with a mechanically 
operated arc gate. Sinter, lime rock, coke, etc., are kept in similar 
bins, which are equipped with short belt feeders under the hoppers, using 
two belts each 36 in. wide. The forward, or driving, pulley on the feeder 
is attached to a large gear wheel, which meshes with a pinion on a driving 
mechanism on a weighing charge car, which is run underneath the hop- 
pers. The arc gates under the spreading-bed bins are also operated by 
the driving mechanism on this charge car. By these means, the ores and 
other constituents of the charge are delivered into the charge car, which 
is equipped with scales, upon which the carbody rests. There are ten 
beaiM on the scales, so that ten weights of materials may be obtained. 
The motorman on the charge car controls the operations of the belt 
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feeders and arc gates by means of the driving mechanism on the car. 
The desired weight of any material is shown by a finger-like indicator, 
which may be used in turn with each of the ten beams on the car scales. 
The charge car passes from one hopper to another, drawing off desired 
weights of each constituent until the charge is completely made up. 
The charge is then transferred, through a baffled opening between the 
rails of the track on which this weigh car runs, into another electrically 
driven charge car, spotted beneath, which carries this charge to the fur- 
nace top where it is dumped. 

At another plant, the spreading beds are large, wooden-side enclosures 
with flat concrete bottoms, built on the ground. There are three large 
beds, holding from 2000 to 2800 tons each, and seven small ones, with a 
capacity of 800 to 1000 tons each. Sinter, lime rock, coke, etc., are kept 
in wooden bins with elevated, hoppered bottoms. The three hoppers in 
the bottom of each bin are provided with hand-operated arc gates. The 
charge from the spreading beds is hand-shoveled into steel buggies and . 
the charge from various bins is drawn through the arc gates into other 
buggies. These buggies are small, holding about 1 ton of sinter and 
ton of bedded ores when filled. Trains of from two to six buggies 
are handled by Fordson tractors between the spreading beds, bins, 
scales, and dumping pocket to the charge car. An average of twelve 
buggies are used in making up the usual blast-furnace charge. The men 
who make up the charges know what weights of various materials are 
wanted and estimate remarkablj^ closely the correct weight put into each 
buggy. From the beds or bins, a train of buggies is taken to platform 
scales where each buggy is separately weighed. If too much of one 
material is in a certain buggy, the amount of overweight is shoveled out 
while the buggy is on the scales and is thrown into a small bin for that 
material nearby. If there is an underweight in a buggy, the deficiency 
is made up by shoveling from one of the small bins near the scales. All 
of this work is done rapidly by experienced men. As soon as the correct 
weight of material is in a buggy, this buggy is moved by hand to one of 
the two dumping pockets, a short distance from the scales, where it is 
dumped. The bottom of each dumping pocket opens on to a pan con- 
veyor feeder, which discharges into a charge car beneath. As each 
buggy full of charge is being removed from a dumping pocket by the 
feeder, the charge car is moved forward and backwards so that the charge 
is distributed from front to back of the car. After all of the constituents 
of the charge have been spread into the charge car, the car is hauled up 
an incline, by a hoist and cable, to the blast-furnace feed floor about 
30 ft. above. Here it is taken by an electrically operated traveling 
carrier frame to the proper position for dumping over any one of the 
furnaces. Two charge cars are in use at one time, one being loaded while 
the other is being dumped. 
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At the third plant, each constituent of each charge is weighed directly 
into the charge car by means of scale hoppers suspended under steel 
blast-furnace bins; in other words, each charge is bedded in the car as 
the constituents are weighed in, one on top of the other. As the charge is 
being dropped from the scale hoppers, the car is so moved along the 
track underneath as to spread each material over the length of the car 
in the manner ordered by the furnace feeder. In this way, a charge is 
made up to suit the conditions in the particular furnace into which it is 
to be dropped. The coke also is weighed into the charge cars. For a 
custom lead smelter handling many small lots of greatly varying ores, a 
system of charge weighing using a weighing charge car or scale hoppers 
under the bins is very flexible and efficient. 

Furnace Operation 

The height of ore column above the tuyere line varies from about 
11 to 17 ft. for different conditions of charge; the blast pressure varies 
from about 32 to 40 oz. Generally, when a fairly coarse charge is avail- 
able, an ore column about 14 to 16 ft. deep and a blast pressure of about 
35 to 38 oz. seem to give best results. This seems to be true for furnaces 
with a width at tuyeres of 48 in. as well as for the wider ones. The 
narrower furnaces (48 in.) will smelt an average of about 240 tons of 
ordinary charge per 24 hr., while the wider ones (54 in.) will smelt about 
260 tons. The matter of furnace speed is, of course, extremely variable; 
it depends on the physical character and chemical analysis of the charge 
being treated, the amount of coke required to hold proper reduction in 
the furnace, the analysis of the desired slag, etc. With a coarse charge 
of desirable chemical analysis, requiring a relatively low percentage of 
coke and permitting the making of a hot and easy running slag, the 
narrower furnaces will easily smelt an average of 255 to 260 tons per 
day and the wider ones an average of 280 tons per day for long periods. 

Slag and Matte Handling 

At the three Utah plants, double settling for separating matte and 
slag is practiced. Most of the matte is settled out in the first settler; 
the matte is tapped out of this settler into pans and pots. At one plant, 
it is possible to tap matte from the second settler as well as the first, 
thus increasing the length of life of this settler; at the other plants, second 
settlers are changed every 24 hr. and very little matte gets into them. 
All the slag, after passing the second settler, is thrown over the dump. 
Slag pots vary in capacity from 3 to 7 tons; they are drawn by electric 
and small locomotives. 

Blast-furnace matte is handled differently at each plant. At one 
plant, the first matte, containing about 10 per cent, copper and 9 to 10 
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per cent, lead, is cast into pans, slightly cooled and broken up, by water 
sprays, in railroad cars. Most of this matte is shipped to another Utah 
lead smelter, where there is a converting plant; a small part of it is 
returned to the Dwight-Lloyd charge. At another smelter, the first 
matte is cast, cooled, and broken up as just described and' then is fine 
crushed, roasted, and retreated in a blast furnace with siliceous ore and 
lime rock, making a matte concentration run. In this way, a higher 
grade copper matte (about 40 per cent. Cu) is made; this matte is shipped 
to the converting plant at a copper smelter in the state. At the third 
smelter, the first matte containing 18-25 per cent, copper is handled hot 
into 96 by 150 in. horizontal, barrel-type converters, where it is blown to 
a mixture of white metal and magnetite, without the addition of silica. 
The lead fume produced by this operation (assaying 55-60 per cent. Pb) 
is collected in a baghouse used for this purpose only. The white metal 
and magnetite mixture, after being deleaded, are transferred from the 
lead-matte converter into a copper converter, in which a charge of copper 
matte has been poured, where it is slagged with silica and blown to blister 
copper. (For a detailed description of this procedure see paper* by 
0. M. Kuchs.) 


Slags 

The desired chemical analysis of a blast-furnace slag depends on 
several important factors; of prime importance in this state is the per- 
centage of zinc on the charge. It is not our intention to go into detail 
in this matter of slag types and analyses, but merely to give an outline of 
general practice in the state. 

The ores treated at Utah lead smelters have always furnished an excess 
of silica over iron and comparatively little lime; therefore, it has gen- 
erally been necessary to purchase both iron and lime flux for making a 
desirable blast-furnace slag. As stated, iron flux is obtained in several 
different forms; lime rock, running over 50 per cent. CaO, is used for 
lime flux. Slags running from 5 to 13 per cent. ZnO have been regularly 
made at Utah smelters in comparatively recent practice. Typical slag 
analyses for these two extremes in ZnO content are as follows: 


Per Cent. Per Cent. 


SiOi 35.0 26.6-27.6 

(Fe + MnO) 32.6-33.5 40.0 

CftO 20.0-21.0 11.0-12.0 

MgO 1.0 1.6- 2.0 

AljO. 2.5 2.6- 3.0 

ZnO 6.0 13.0 

S 1.0 1 . 6 - 2.5 


*liea>d>Matte Converting at Toode. Tran$. (1914) 49 , 679. 
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Of course, there are many gradations between these two cases; it is 
necessary to lower both the silica and the lime content of a slag and 
raise the iron content as the zinc is increased and vice versa as the zinc 
is decreased. Where slags containing 10 per cent, or more of ZnO are 
run, trouble is usually experienced in furnace operation; these troubles 
do not arise from the presence of ZnO but from certain amounts of ZnS 
that often accompanies the oxidized zinc in the furnace charge. The 
ZnS fails, to a large extent, to enter either the slag or the matte but lies 
between the two in the form of a cold, mucky mass, which causes much 
trouble. Even with the greatest care in roasting, a considerable amount 
of ZnS may get into the furnaces. The use of special charges made up of 
good blast-furnace cleanings (largely slag) and a clean iron ore, which 
will smelt easily forming a slag high in iron and low in zinc, may be used 
to good advantage in alleviating the furnace troubles arising from zinc 
mush. Usually MgO and AI2O3 do not occur in sufficient amounts in 
the lead ores smelted in Utah to cause any serious trouble. Utah smelter 
slags are generally quite clean, as lead slags usually go, in lead, copper, 
and silver. 


Lead Drossing and Casting 

The lead is removed from the furnaces by the Arents^ siphon tap, 
either by intermittent tapping or continuous overflow. A great deal of 
care must be taken to keep the lead well and connection to the crucible 
open and clean, especially where there is a high copper content in the 
charge. This is done by frequent rodding and scraping from the top of 
the lead well, followed at once by removal of the dross thus loosened and 
raised. If there is trouble in the bottom of the connection between the 
lead well and the crucible, which cannot well be gotten at from above, 
the introduction of compressed air (80 to 90 lb. pressure) through a long 
3^-in. iron pipe to the point of trouble has been found very beneficial. 
This air pipe is put into the crucible of the furnace through the tap hole. 
By constant care and the use of such remedies in the early stages of any 
trouble, Utah lead furnaces have been successfully operated on high 
copper charges for long periods without any serious crucible or lead- 
well trouble. 

At all plants the lead is taken from the furnaces, to 30-ton drossing 
kettles, in small lead pots, drawn by hand. At two of the plants, a 
Howard Press is used for squeezing as much as possible of the molten 
lead from the dross; at the third plant, drain pans are used. At one plant, 
the lead is cleaned very thoroughly of copper (to 0.008 per cent, or less) 
by means of the Hulst decopperizing process, in which crude sulfur is 
stirred into the lead in the drossing kettle after the heavy dross has been 
skimmed off. At the other plants, copper removal from the furnace lead 
is accomplished entirely by cooling or cooling plus air agitation, thus 



188 


LEAD SBIELTING IN UTAH 


reducing the copper in the cast bullion to 0.05-0.08 per cent. The dross 
contains from 6 to 18 per cent, copper and 70 to 83 per cent, lead and 
runs quite high in silver and gold; it is all returned to the furnaces as a 
small part of each charge. 

At two Utah plants, the bullion is siphoned from the kettles into molds 
of standard shape, where it is cast into pigs weighing about 90 lb. each. 
At the third plant, it is cast into anodes, weighing about 460 lb. each, for 
electrolytic refining. These pigs and anodes are weighed and loaded into 
railroad boxcars ih which they are shipped to midwestern refineries. 
No lead refining is done in Utah. 

Furnace Campaigns 

The average length of campaigns of furnaces in Utah lead smelters is 
from 4 to 9 months; of course under unusual circumstances, a campaign 
may be shorter than 4 months. Generally these furnace campaigns are 
limited by stack accretions, which become so large at both ends of a 
furnace as to make operating conditions, especially on the charge floor, 
very unsatisfactory. Occasionally a furnace must be blown out because 
of crucible trouble. 


Furnace Secondaries 

All secondaries, other than flue dust and fume, such as cleanings from 
the tapping floor, settler cleanings, and furnace barrings, are either 
retreated in the blast furnaces direct or are sent to the D. & L. sintering 
machines. This latter procedure has the advantage that this class of 
material is usually an aid to good sinter making. The handling of flue 
dust and fume is described elsewhere. 

Ventilation on Tapping Floor 

At two plants, ventilation on the tapping floor is accomplished by 
positive fan suction applied at points of smoke production through pipes 
and hoods. These hoods, which may be raised and lowered by chains 
and counterweights, are placed over matte pot, tap hole and furnace 
spout, lead well, settler spouts, and slag pot. One fan, handling about 
30,000 cu. ft. of air per minute will quite nicely take care of the smoke 
from five furnaces. All the fume and gas thus handled are delivered to 
a baghouse, where the fume is filtered out and saved. This fume will 
assay between 30 and 45 per cent, lead, 3 to 6 oz. silver, and 15 to 20 
per cent. zinc. At the third plant, each furnace has an individual ventila- 
tion stack, about 45 ft. high with a cross-sectional area of about 80 sq. 
ft., which, in connection with a large hood, draws off the smoke from the 
tapping end of the furnace, matte pot, settlers, and slag pot. This 
system provides quite satisfactory ventilation, but does not permit of 
the saving of the fume . 
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Difficulties Encountered 

The main difficulties encountered in lead smelting in this state arise 
from large amounts of zinc, copper, or arsenic on the blast-furnace charge. 
Zinc is generally the most prevalent of these three troublesome elements. 

The main troubles, both metallurgical and economic, arising from a 
high zinc charge are: (1) Increased furnace delays and shorter campaigns 
as a result of stack accretions, (2) increased amount of secondaries to be 
retreated because of zinc mush in spouts and settlers, (3) increased slag 
losses because of the type of slag made necessary and to zinc mush, (4) 
increase in amount of costly iron flux required to produce the type of slag 
needed and a consequent reduction in the amount of ore charge smelted, 
and (5) general operating difficulties which are always encountered. 

The main undesirable results of smelting a charge high in copper 
content (3 to 4 per cent, copper) are: (1) High percentage of coke neces- 
sary to obtain ordinarily good reduction, (2) slow furnace speed caused 
mainly by high coke charge used, (3) large matte fall required to care for 
the copper present, even when running matte up to 25 per cent, or more in 
copper content, (4) heat in upper part of furnace as the result of high coke 
charge, causing unusually large lead volatilization to baghouse, and (5) 
large amount of high copper dross formed in lead wells and in dress- 
ing kettles. 

The presence of a considerable amount of arsenic on a blast-furnace 
charge, especially when coincident with a rather high zinc charge, which 
combination frequently occurs in this state, is productive of the following 
difficulties: (1) Formation of speiss in crucibles, (2) increase in percentage 
of coke needed and even then erratic reduction, (3) decrease in furnace 
speed, and (4) production of a high arsenic baghouse fume which has to 
be retreated with attendant difficulties. 

Undoubtedly, other difficulties and economic losses in blast-furnace 
smelting may be directly attributable to the presence of large amounts of 
zinc, copper, and arsenic or a combination of two or more of them on the 
furnace charge, but those mentioned are sufficient to give an idea of why 
the lead metallurgist trys to avoid them when possible, and why they 
must be penalized when present in any considerable amount. Other 
elements, such as magnesium and cadmium, cause troubles when present 
in any considerable amount in combination with zinc, but these elements 
are not nearly as frequent trouble makers in this state as the first three 
mentioned. Cadmium at times is present in sufficient amount to cause 
trouble but magnesium rarely is. 

Taken in all its various phases, the operation of lead blast furnaces on 
the charges that in recent years have been smelted in Utah is far from 
being simple metallurgy and requires much care and skill on the part 
of metallurgist and operators alike. 
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Recovebt and Retbeatment of Flub Dust and Fume 

During the process of lead smelting, flue dusts and fumes are produced 
in such quantities that the recovery of these plant secondaries has become 
of sufficient importance to the smelter to warrant the installation of 
expensive apparatus. There are four sources from which dusts and fumes 
are obtained: roasters (Wedge, Godfrey, McDougall), Dwight-Lloyd 
sinter machines, converters, blast furnaces. 

The terms “flue dust” and “fume,” as applied to smelter products, 
may be defined in the following manner to establish the differentiation 
that actually exists between the two: Flue dust is that part of the fines in 
the feed or charge that is carried into the flue system from the furnace by 
suction or draft: fume is a product of distUlation or sublimation, due 
to the heat of chemical reaction and heat combustion within the furnace, 
subsequently condensed by cooling. This product is drawn into the flue 
system by suction or draft. 

The three lead smelters in Utah have adequate equipment for recov- 
ering the flue dust and fume produced, though methods differ consider- 
ably in the general means employed. There are three primary methods 
in use: (1) Mechanical precipitation (where flue dust content is high), 
(2) filtration baghouses (for fumes not acid), (3) electrical precipitation 
units, Cottrell treaters (for flue dust and fume). 

Roaster Flue Dust and Fume 

In the preroasting of ores for sulfur elimination by calcination in 
McDougall, Godfrey, or Wedge roasters, the gases carry considerable 
flue dust, with small amounts of fume, and the dust caught in the flues 
exists physically in a more or less minute, granular form with an analysis 
quite similar to that of the feed mix. The practice at the various smelters 
is to catch mechanically as much of the heavier dust as possible in flues 
leading from roasters, with baghouses and Cottrell treaters farther along 
the flue system for additional precipitation of dust and fume. Roaster 
flue dust differs from roaster fume; physically with respect to fineness, 
abo chemically to a marked degree. 

At one smelter, the method of flue dust and fume recovery from 
McDougall roaster gases is as follows: Two large brick flues, hopper 
bottomed, conduct the gases directly to a rectangular brick dust chamber 
120 ft. wide, 140 ft. long, and 60 ft. high. The dust chamber is hopper 
bottomed with three tunnels beneath, for dust removal. A very slow 
gas velocity is maintained in the flue and chamber to permit the dust to 
settle out. From the chamber the gases enter a two-unit electrical 
precipitator. This Cottrell treater is of the horizontal flue type, with the 
two units in parallel. It is equipped with corrugated sheet-iron plates, 
suspended vertically, as collecting electrodes; and with )^-in., standard, 
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wrought-iron pipes as discharge electrodes. Each unit of the treater 
consists of two separate sections in series, one with the other. Depend- 
ent on the number of roasters in operation, a gas volume of 8000 to 
16,000 cu. ft. per min. is treated with a velocity of 9 to 18 ft. per sec. at 
a temperature of about 220° F. Sufficient temperature is held to prevent 
corrosion due to acidity. The treater hoppers deliver the dust to screw 
conveyors, which in turn deliver to a large steel storage hopper at the back 
end of one of the tunnels under the dust chamber. The dust is drawn 
from this storage hopper into small covered cars for interplant transfer. 
The treater walls, and as much as possible of the roof, are built of Johns- 
Manville transite (asbestos board) which has proved very satisfactory, 
no transite having been replaced during the life of the treater, about 7 
years. The dust is shaken from the electrodes by hand-operated 
knockers. No conditioning of the gases is necessary. Natural draft 
is furnished by a 350-ft. brick stack, connected to the Cottrell treater 
by a large brick flue. 

The dust drawn from the flues, dust chamber, and treater is taken 
direct either to the copper plant or lead plant (Dwight-Lloyd sintering 
machines) according to its lead content. The efficiency of this treater 
has been exceptionally high, throughout its period of operation. 

At another smelter where preroasting is obtained by calcination in 
Wedge and Godfrey roasters, the general practice of handling the gases is 
as follows: The Godfrey roasters deliver their gases to a large brick flue, 
which in turn delivers to a large brick main flue that acts as a common 
carrier for these, as well as the gases from the Wedge roasters and Dwight- 
Lloyds, delivering the combined gases to a Cottrell treater system. The 
velocity of the gases from the Godfreys is unusually high, with consequent 
little accumulation of flue dust. The Wedge roaster gases enter a brick 
dust chamber, 36 ft. wide, 36 ft. high, and 250 ft. long, by individual, 
small-flue connections. The chamber is hopper bottomed with a tunnel 
underneath for dust removal; from here the gases pass to a large brick 
flue which, in turn, delivers to the larger brick main flue and to the 
Cottrell treater system. The dust drawn from the Godfrey flue is trans- 
ferred, in small cars, to the Dwight-Lloyd feed bins direct. This dust 
has practically the same analysis as the Godfrey feed. 

The Wedge roaster flue dust is drawn from the chamber and flue into 
small push cars, which are used to transfer the dust direct to large cars 
receiving the calcine from the wedges; the mixture goes to the Dwight- 
Lloyd plant. 

The combined gases from the Godfrey and Wedge roasters, together 
with the Dwight-Lloyd gases, are delivered to a three unit Cottrell 
treater, which is built of brick. These three electrical units are so 
arranged as to divide the gas stream, half going to each of two units, 
A and B, in parallel; and then, combining again, passing on to Unit C. 
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By damper control, the gases can be treated in series only, if desired. 
Conditioning of the gases with HjS 04 fumes is necessary at times. 
These fumes are introduced into the main due, about 100 ft. in front of 
the treater, by means of small furnaces. 

The treater is of the pipe type, equipped with 6-in. pipes, 12 ft. long, 
as the collecting electrodes, and steel wires as the discharge electrodes. 
The average volume of gas treated is about 250,000 cu. ft. per min. 
with a velocity of 6 to 15 ft. per sec. Updraft is used on all three 
units. Units A and B have six sections each; and unit C eight sections, 
with 200 pipes to a section. The dust is shaken from the electrodes by 
mechanical devices. Forced draft is obtained by means of a large fan 
at treater outlet, which delivers to a 450-ft. brick stack. 

The treater is flat bottomed and the dust is cleaned out by hand into 
small cars, delivering the product to a pugger where it is converted, by 
the addition of water, to a “mud.” This “mud” is transferred to the 
blast-furnace plant and put on the charge direct. 

At the other smelter. Wedge roasters used for preroasting sulfide ores 
deliver their gases to a baghouse by means of a system of three large cylin- 
drical steel flues. These cylindrical steel flues, hopper bottomed, are in 
parallel and are connected to one another by an intricate system of 
“A” pipes so arranged as to cool the gases sufficiently by radiation before 
delivery to the baghouse. The gases from the Dwight-Lloyds join the 
roaster gases before their entry to the baghouse. 

This baghouse is a brick building 283 ft. long, 56 ft. wide, and about 
55 ft. high, containing 3340 woolen bags 33J^ ft. long and 18 in. in diam- 
eter. It has eight equal sections, or bays, equipped with hoppers in which 
screw conveyors operate to remove the fume and dust. The method of 
shaking the bags is by reverse current assisted by hand shaking. 
Only six of the eight bays are used to filter these roaster and sinter 
plant gases, the remaining two being used for blast-furnace gases. The 
filtered gases are delivered to a brick stack 450 ft. high, furnishing the 
necessary baghouse draft. 

The dust drawn from the cylindrical steel flues, as well as the baghouse 
fume from roaster sections, is transferred in small cars to the brick press 
for briquetting into 7}^-lb. bricks, which are used directly on the blast- 
furnace charge. 


Dwight-Lloyd Flue Dust and Fume 

In further eliminating excess sulfur from ores, by means of sintering 
on Dwight-Lloyds, the gases carry considerable fume with only a 
amount of flue dust. These products often contain sufficient elemental 
sulfur to render them combustible or explosive. Because of its extreme 
fineness, the recovered product is very light and fluffy. To obtain effi- 
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cient recovery, mechanical precipitation cannot be depended on, but 
baghouses or Cottrell treaters are employed. 

At one of the smelters the Dwight-Lloyd gases are drawn off through 
the wind boxes of each machine by individual fans delivering through a 
small brick flue into a larger transite flue. From here, the gases pass 
to a Cottrell treater system connected by a large transite and steel flue 
to a 200-ft. brick stack. This stack also receives the filtered gases from 
the blast-furnace baghouse. 

The Cottrell treater is a four-unit, pipe-type precipitator, equipped 
with pipes 15 ft. long and 12 in, in diameter as collecting electrodes; and 
iron wires as discharge electrodes. Each unit has two sections, with 110 
pipes to a section. By damper control, the treater can be operated by 
either downdraft or updraft, with all four units in parallel; or it can be 
operated with the first two units in series with the second two. With 
four sinter machines, the gas volume is about 100,000 cu. ft. per min.; 
and with six machines, about 150,000 cu. ft. per min. The dust and 
fume are shaken from the electrodes by electrically operated knockers. 
Forced draft is obtained by the use of a large fan in treater outlet flue 
near the stack. The Johns-Manville transite (asbestos boards) in use 
on the treater and flues has proved satisfactory. The treater is hopper- 
bottomed with screw conveyors to remove the dust. 

The dust drawn from the flues and treater goes direct to the Dwight- 
Lloyd feed mixer when not high in arsenic or, if the arsenic content is 
high, is transferred in cars to the arsenic-plant feed bins. 

At another of the smelters, the Dwight-Lloyd gases are drawn off 
through the wind boxes by individual fans to a large brick flue, which in 
turn delivers to a larger brick main flue, which acts as a common carrier 
for the gases from the Wedge and Godfrey roasters. This main flue 
delivers the combined gases to the three-unit Cottrell treater system, as 
described under Roaster Gases. Because of the high velocity in the 
flues, the settling of dust is small. Whatever dust is removed from 
the flue is returned direct to the Dwight-Lloyd feed. 

At the third smelter, the Dwight-Lloyd gases are drawn through the 
wind boxes by individual fans and delivered to a steel flue with a concrete 
base, which conveys the gases to a series of twelve cooling flues. These 
join the flue carrying the Wedge-furnace gases, which is connected to 
the baghouse. The dust from the steel cooling flues and roaster section 
of the baghouse (six bays) is briquetted and used directly on the blast- 
furnace charge. 

Blastfurnace Dust and Fume 

The method of recovery used on blast-furnace gases throughout the 
state is virtually the same, excepting for slight modifications in the flue 
system; baghouses are employed to filter these gases. At one smelter, 
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th6 furnac© gas6s pass through stoel downtakos into cylindrical, steel 
dust catchers, 20 ft. in diameter and 18 ft. high. The gases enter the 
dust catchers near the bottom on a tangent and pass out through a 
conical top to the main hue. The dust collected in these catchers dis- 
charges through openings in the bottom on to a 16-in. belt conveyor, 
which delivers it to railway cars. The main flue is of the balloon type, 
made of Keystone^* steel, with a continuous hopper bottom. This 
flue, which is 498 ft. long, delivers the gases into a baghouse. This build- 
ing is of brick, 154 ft. long, 55 ft. wide, and 50 ft. high, and is divided 
into ten sections, or pits. Each section contains 144 woolen bags 30 ft. 
long and 18 in. in diameter. The pits are flat bottomed and the fume is 
removed by hand after burning. Bag shaking is accomplished by reverse 
current. This fume averages about 45 per cent, lead and 15 per cent, 
arsenic. When five blast furnaces are in operation, the gas volume is 
about 90,000 cu. ft. per min. These gases are drawn from the furnaces 
and forced through the baghouse under pressure by means of a large fan. 
From the baghouse, the gases pass through a steel downtake by suction, 
which is furnished by the 200-ft. brick stack, which is also connected to 
the Dwight-Lloyd system. 

The dust and fume from the dust catchers and main flue are drawn 
off into cars and delivered to the Dwight-Lloyd feed bins direct. The 
burned baghouse fume, when low in arsenic, is returned direct to blast- 
furnace bins. When the arsenic content is high, the fume is crushed and 
delivered to the arsenic plant, where it is mixed in with the general feed 
in quantities equal to production. 

At another smelter, the blast-furnace gases are drawn off through 
brick downtakes to a large hopper bottomed brick flue, acting as a dust 
catcher, then through 1270 ft. of rectangular, flat-bottomed, brick flue 
and discharged, by means of a Buffalo exhaust fan, into a baghouse. 
This baghouse, a brick structure 216 ft. long, 90 ft. wide, and 60 ft. high, 
contains four compartments, each compartment containing 1008 woolen 
bags. The bags are 30 ft. long and 18 in. in diameter. Bag shaking is 
accomplished by hand. The maximum gas volume capable of filtration 
in the baghouse is 500,000 cu. ft, per min.; and when five furnaces are 
operating about 120,000 to 130,000 cu. ft. per min. is filtered. Only 
three-quarters of this baghouse is used to filter blast-furnace gases; the 
remaining quarter is used to filter arsenic-plant gases. The dust from 
the connecting flues to the baghouse, together with the burned baghouse 
fume, is shipped to the company’s refinery in another state, or is treated 
in the plant arsenic furnaces. The fume averages about 50 per cent, 
arsenic and 15 per cent. lead. 

At the third smelter, the blast-furnace gases pass to two baghouses, 
one at each end of the system. One quarter of the north, or brick, bag- 
house is devoted to blast-furnace gases. This house contains 832 woolen 
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bftgS| 33 ft. long and 18 in. in diameter. At the south end, the furnace 
gases pass through a 16-ft. steel, balloon flue, coated with gunite; this 
flue is about 100 ft. long. At its south end, this flue connects with a 
baghouse built of corrugated iron lined with transite. This baghouse is 
139 ft. long, 47 ft. wide, and 23 ft. high and has five bays containing 
1200 woolen bags of the same length as in the brick baghouse, but only 
12 in. in diameter. The fume is dropped into hoppers, from which it is 
drawn into small tram cars for transfer to the arsenic plant. The fume 
contains 45 to 60 per cent, arsenic and 12 per cent. lead. The flue dust 
from the chamber is transferred to the brick press, where 7K4b. bricks 
are made; these are returned to the blast-furnace charge. 

Converter Fume 

The practice of blowing hot lead-copper matte in converters is carried 
out at but one of the lead smelters. The object is to drive off the lead as 
an oxide, lead oxide, and basic lead sulfate (PbO and NPbO.PbS 04 ) 
and recover the copper as bullion. 

The gases from the lead converters are drawn through a long steel 
flue equipped with a continuous hopper bottom, and forced into a bag- 
house under pressure by means of a fan. The baghouse delivers the 
filtered gases to a brick stack 150 ft. high. 

The baghouse is a brick structure 122 ft. long, 44 ft. wide, and 50 ft. 
high. There are eight compartments, each containing 120 woolen bags, 
30 ft. long and 18 in. in diameter. Each compartment is hopper bot- 
tomed with a screw conveyor, for the deli^ ery of the fume to a main screw 
conveyor, which in turn delivers to a pugger for moistening before delivery 
to a railway car. The fume is shaken from the bags by means of a reverse 
air-current system. This baghouse was designed for a gas volume of 
about 150,000 cu. ft, per min. 

The pugged fume, when sufficiently high in arsenic content, is sent 
directly to the arsenic-plant bins; when low in arsenic content, it is 
delivered to the blast-furnace charge bins. The average analysis of this 
fume is about 55 per cent, lead and 15 per cent, arsenic. 

Arsenic Fume 

The recovery of arsenic from fume and flue dust is practiced by the 
three lead smelters, each plant modifying the general scheme to suit its 
own requirements. The general scheme is to sublime or distill off the 
AS 2 O 8 fume by roasting, and then, by cooling, cause the fume to condense 
out in kitchens or chambers where it can be recovered. 

At one of the smelters, McDougall roasters are used to roast off the 
As20b fume, which is delivered to other McDougall roasters, connected 
in series, acting as condensing chambers. Two roasting furnaces are 
connected to two other furnaces, acting as first condensing chambers. 
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These two first condensers are connected to a fifth furnace, acting as a 
common second condensing chamber. The second chamber is connected 
to a baghouse. The fume is drawn through the roasters by a fan and 
forced through the baghouse under pressure. This baghouse contains 
48 woolen bags 17 ft. long and 18 in. in diameter, and is hopper bottomed. 
The baghouse was designed to handle 3000 cu. ft. of gas per minute. 
The fume is shaken from the bags by hand shakers. 

The fume caught in the condensing chambers averages about 94 
per cent. AS2O8 and is refined at another plant of the company. The 
fume caught in the baghouse is low in arsenic content and is returned 
direct to the arsenic plant feed bins for retreatment. The residue, or 
calcine, from the roasting furnaces is delivered to the blast-furnace 
charge bins, or is shipped to the cadmium plant at another Utah smelter, 
if it contains sufiScient cadmium. 

The AS2O3 fume in the condensing chambers is removed by running 
these roasters at regular intervals, the fume being raked down into the 
furnace hoppers. These hoppers deliver the fume to a drag-chain 
conveyor leading to a mechanical barrel-packer for shipment. 

At another smelter arsenical material is treated in Godfrey roasters; 
two roasters being used for this purpose. The fume is drawn off by fan 
suction through a set of arsenic kitchens, acting as condensing chambers, 
and forced through one quarter of the blast-furnace baghouse under 
pressure. This section of the baghouse contains 1008 woolen bags 30 
ft. long and 18 in. in diameter, with a maximum filtering capacity of 75,000 
cu. ft. per min. The arsenic kitchens are divided into four groups, each 
group containing four sections, giving a total of sixteen passages for 
condensation. The AS2O3 fume recovered runs about 93 per cent. 
AS2O3 and is shipped out as crude AS2O3 to this company's refinery in 
another state. The residue, or calcine, from the Godfreys is returned to 
the blast-furnace charge. 

At the other smelter, the arsenical material is roasted in three Brunton 
furnaces. The fume is drawn off by fan suction through a set of arsenic 
kitchens consisting of 12 compartments, which act as condensing cham- 
bers, and is forced through a baghouse containing two sections, each 
having 108 bags 25 ft. long and 12 in. in diameter. Usually one section 
is in operation at a given time, and is capable of filtering about 2000 cu, 
ft. of gas per min. The residue from the Brunton furnace goes to a 
brick press, thence to the blast-furnace charge, or transferred to the 
cadmium plant if cadmium is high. 

The crude fume recovered from the kitchens contains about 93 per 
cent. AsjOj and is again roasted in two reverberatory type furnaces. 
The fume from these furnaces is drawn off through another set of arsenic 
kitchens, consisting of twelve compartments, acting as condensing cham- 
bers, and is forced through a baghouse containing two sections, each 
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having 30 bags 26 ft. long and 12 in. in diameter. Only one section is in 
operation at any given time and is capable of filtering about 1000 cu. ft. 
per min. The refined AS 2 O 8 fume recovered from the kitchens contain- 
ing 99 per cent. AS 2 O 8 is barreled and marketed. 

Cadmium Recovery 

The recovery of cadmium is practiced at but one smelter, where the 
electrolytic process is used. The cadmium-bearing material is mixed 
with H 2 SO 4 and roasted in a reverberatory furnace to convert to sulfates. 
After roasting, it is delivered to a ball-mill for grinding, then agitated in a 
Pachuca tank with water to bring about the solution of water-soluble 
sulfates. From the Pachuca tank, the contents go to a filter press; 
the filter cake then goes to the brick press for blast-furnace charge and 
the solution goes to the electrolytic cadmium tanks. Sheet cadmium 
is deposited on aluminum cathodes. The metallic cadmium is stripped 
from the cathodes, melted, cast into sticks weighing about 5 oz. and 
marketed. 


Acknowledgment 

The authors of this paper wish to express their thanks to Mr. J. F. 
Austin, superintendent of American Smelting & Refining Co.^s smelter, 
at Murray, and to members of his staff, and to Mr. Robert Wallace, 
superintendent of the United States Smelting, Refining & Mining Co.^s 
smelter, at Midvale, and to members of his staff, for the very valuable 
aid given in obtaining data for this paper. 

DISCUSSION 

D. W. Jessup, Midvale, Utah. — At Midvale, the first matte contains 
from 10 to 12 per cent, copper; at Tooele, the first matte carries 20 per 
cent, copper and is blown in a converter to 50 per cent, copper. Would it 
be practical for other smelters, producing 100 tons of low-grade matte per 
day, to install a converter and blow the matte instead of making a copper- 
concentrating run in the blast furnace? If this were feasible, there 
would be a saving of metals, especially lead; the converter slag would be 
returned to the Dwight-Lloyd machines, producing a better sinter; the 
iron in the matte would be of value, saving the cost of iron flux; the coal 
would probably be less. 

B. L. Sackett. — When conditions are unusual, as at Tooele, where a 
copper and a lead smelter are under one roof, so to speak, we necessarily 
have our own converting plant for the handling of copper matte. We, 
therefore, adopted the simplest and most effective way of handling the 
lead-blast furnace matte; that is, by taking it hot from the blast furnaces 
and utilizing that heat in the converters, therein eliminating the lead 
as fume, which is recovered andjretreated. The copper remains as a 
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residual material in the lead converter, which is transferred to a converter 
containing copper matte from the reverberatory furnace and blown to 
blister copper. Whether or not the installation of a converting plant 
at a lead smeltery, where no copper work was being done, would be 
worth while would depend entirely on conditions at that plant and the 
economic outcome to be figured in favor of or against such an installation. 

E. H. Laws, Carnegie, Pa.— The paper states that all the dross is 
returned to the furnaces as a small part of each charge. At Salida, in 
smelting 500 tons of charge per day to produce 45 tons of bullion, the dross 
production varied from about 5 tons, on ore smelting, to 15 tons, when 
matte was being concentrated; this was all returned to the charge. 
Although this dross formed a small part of each charge, the percentage 
of lead and copper returned was considerable, and subsequent experience 
has convinced the writer that the smelting of this dross with high-grade 
galena in a reverberatory furnace, should have been considered, even on 
this comparatively small tonnage. The practice at lead refineries where 
undrossed bullion is tested is along this line, and it has been tried at 
some smelting plants. Lead, matte, and slag are produced. The matte 
is returned to the charge in place of galena until it contains 50 per cent, 
or more of copper and only the leady slag, containing some of the copper, 
goes to the blast furnace. 

At Northport, with a high-lead charge and heavy production of matte, 
the formation of dross was excessive, part being lead sub-sulfide. This 
caused great difficulty in furnace operation and increased refinery 
expense, as the bullion was shipped without dressing. The dross produc- 
tion decreased as roasting practice improved. When the matte fall was 
reduced practically to zero by double roasting, it was found that under 
conditions of a heavy lead fall, a very small matte fall and strong reduc- 
tion, only clean lead with a small amount of matte was produced, the 
matte forming a thin skim at the top of the lead bar as cast at the lead- 
well. When afterwards we began to return dross to the blast-furnace 
charge, we hoped to produce a small percentage of matte rather high 
grade in copper and little dross. We were able to control the i>ercentage 
of matte fall but were not able to raise the grade of the matte, and a 
large part of the copper went into dross and into slag. Dross is practi- 
cally all metal and it is reasonable to expect that furnace operation will 
improve and metal recovery increase if the dross can be kept away from 
the blast-furnace charge altogether. 

Another point worth consideration is the handling of Cottrell process 
fume. The Northport plant handled successfully, a mixture of sintering- 
machine and blast-furnace gases, which were conditioned by water sprays. 
Because much trouble was experienced from spontaneous ignition of 
the fume, the steel collecting hoppers were replaced with brick cellars. 
The fume burned readily to a grayish material, the fines being granular 
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and the lumps of a cokelike structure. This burned fume could be 
hwidled much more easily and safely than the unburned fume, and was 
shoveled into railway cars, which ran between the two rows of cellars. 
At first, we attempted to smelt this burned fume direct on the blast 
furnaces; this resulted in the formation of crusts in the tuyere zone, 
which caused serious trouble. The fume was then single-roasted and 
then double-roasted, as a part of the regular sintering machine charge, 
and no difficulty was experienced in its use. 

B. L. Sackett. — At the Tooele plant, we treat a charge at our lead- 
blast furnaces that is comparatively high in copper content and have a 
correspondingly high dross fall. The dross produced will amount to 
approximately 18 to 20 per cent, of the furnace lead. This dross is 
pressed and returned to the blast furnaces, where it is added at the rate 
of a few hundred pounds to each charge. There are times when, due to 
some unusual labor condition, we are not able to put the dross back to 
the furnaces for a period of several shifts; this necessitates later putting 
on larger amounts of dross to catch up. We have not noticed any 
particular difference in furnace operation or speed during the periods 
when the dross is entirely off or is put on in unusually large amounts. 
At the Tooele plant, returning the dross to the blast furnaces has made 
very little if any difference in the lead content of the slag produced or in 
the tonnage of other charge handled by the furnaces. 
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The Chief Consolidated Volatilization Process and Mill 

By G. H. Wigton,* Eureka, Utah 


(Salt Lake City Meeting, September, 1925) 


The oxidized ores of the Chief Consolidated Mining Co. , in the Tintic 
mining district, have never yielded to metallurgical treatment by any 
standard method except smelting. These ores occur in comparatively 
small, irregular, siliceous replacements in limestone, and carry silver, lead, 
and gold as the principal valuable metals. But smelting methods are 
unsatisfactory, as the lead smelters heavily penalize the large amount of 
silica in the ore, and the copper smelters do not pay for the lead in the 
ore; therefore, an alternative treatment method was sought. 

In 1916, a metallurgical research department was organized under the 
direction of the writer. Many standard metallurgical methods were 
investigated but, on oxidized ore, none yielded extraction great enough 
to make its use feasible. During some chloridizing-roasting experiments 
in 1916, made in an assay muffle, the writer noted that large proportions 
of the silver, lead, and gold were volatilized from certain oxidized ores. 
The possibility of volatilizing the metals and collecting them in the form 
of a concentrated fume was then studied. But, as it was shown that satis- 
factory chloride-volatilization would be limited to a furnace feed with a 
high fusing temperature of the non-volatilizable constituents, and as the 
results obtained in a rotary kiln with the admixture of common salt with 
the ground ore were inferior to muffle tests, further volatilization experi- 
ments were discontinued until 1920. During this interval, an experi- 
mental sulfidizing and flotation plant was operated. 

After the cessation of attempts to float the oxidized minerals, chloride- 
volatilization experiments were resumed. The highly infusible flotation 
tailing from the operation of the flotation mill was used for furnace 
feed. The first tests made on flotation tailing mixed with 10 per cent, 
common salt showed nearly complete lead and gold volatilization but 
considerably less volatilization of silver than in muffle tests. In attempts 
to increase the silver extraction, the percentage salt in the furnace feed 
was varied, and it soon became apparent that the use of smaller percent- 
ages of salt raised the fusion temperature of the furnace charge and thus 
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permitted the use of higher temperatures, which in turn resulted in 
increased silver extraction. Finally, the addition of salt or other chlor- 
ides to the furnace feed was discontinued and, with the increased temper- 
atures permissible, nearly complete volatilization of the gold, silver, and 
lead was obtained in the experimental rotary kiln. 

The elimination of salt from the furnace feed has made volatilization 
much more desirable because: (1) It greatly increases extraction. (2) 
It results in the production of a fume substantially free from chlorides, 
and which therefore requires no intermediate chemical treatment before 
blast-furnace reduction. (3) It produces a furnace gas free from chlorine 
or hydrochloric acid, and one that can be readily filtered in a baghouse 
with nearly complete recovery of fume. (4) It eliminates the cost of the 
salt itself. These marked improvements over chloride volatilization 



Tju. 1. — General view of Chief Consolidated concentrator, experimental 

PLANT IN distance. 

resulted in the decision to build a complete test plant in which quantita- 
tive results could be obtained in a continuously operating process. 

Ores from the Chief Consolidated mines vary from entirely oxidized 
ores to ores showing only slight oxidation, and from nearly self-fluxing 
ores to highly infusible ores. As has been stated, a furnace feed with a 
high fusion temperature of the non-volatilizable constituents is necessary 
for complete volatilization of the valuable metals; therefore, to increase 
the proportion of ores available for milling, it is desirable to remove, by 
concentration, some of the constituents that tend to promote fusion of 
the furnace feed or to hinder volatilization. As gravity concentration 
and flotation methods can readily remove as concentrate nearly all the 
sulfide minerals, as well as considerable lead carbonate, with the pro- 
duction of a highly siliceous residue containing the remaining oxidized 
metals, a test plant was erected in which these methods preceded vola- 
tilization. The advantages of this preliminary concentration on Chief 
Consolidated ore are as follows: 
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Lead sulfide and silver-bearing iron sulfides as well as some lead car- 
bonate are removed as marketable concentrate. 

The removal of iron, sulfur, and lead from the furnace feed raises the 
fusion temperature of the residue, and thus permits greater extraction of 
the valuable metals by volatilization. 

The removal of sulfides from the furnace feed insures the production 
of a basic, non-corrosive furnace gas that can readily be filtered through 
cotton or woolen bags. 

The removal of sulfur from the furnace feed eliminates the necessity 
of any preroasting. 

The removal of concentrate decreases the tonnage of feed to be 
handled by the furnace. 

Preliminary concentration permits the treatment of ores that could 
not otherwise be treated by volatilization. 

The concentration methods, when employed on the small proportion 
of ores free from oxidation, afford a recovery great enough to eliminate 
the necessity for subsequent treatment by volatilization, and therefore 
constitute a complete treatment for this class of ore. 

Experimental Plant 

The experimental plant consisted of a gravity concentration and 
flotation unit and a volatilization unit, and was designed to treat con- 
tinuously about 5 tons of ore daily with equipment that duplicated, except 
in size, that which would be used in a commercial plant. The flow sheet 
and equipment of the experimental plant are as shown in Fig. 2. 

Continuous operation of the wet-concentration plant presented no 
unusual difficulties, but troublesome accretions formed in the rotary 
kiln and had to be removed each shift with a hand bar. Extractions in 
this rotary kiln were excellent, provided a long flame was used. The 
baghouse recovered all visible fume; and as the fume was highly basic, 
no bag trouble developed. 

The troublesome furnace accretions seemed to occur in the pre- 
heating zone of the kiln, up to a temperature of about 2000° F., but at 
higher temperatures they did not exist. They were not slagged accre- 
tions, such as the rings in cement kilns, but consisted of unfused particles 
of quartz, the principal gangue, loosely bound together by slight fusion of 
other gangue constituents. They did not occur as deflnite rings, as in 
cement kilns, but occupied the entire preheating zone. On account of 
the comparatively unfused condition of these accretions, it was thought 
that their own weight would make them drop from the lining of a larger 
kiln on account of the greatly flattened arch. 

To determine whether a commercial-size kiln would make the same 
extraction as the experimental kiln, and whether the accretions in a large 
kiln would be serious, 1000 tons of oxidized tailing were sent to the 
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plant of the Ogden Portland Cement Co. for test in its 7)^ by 125 ft. 
rotary kiln. Here it was definitely determined that good extractions 
could be made in the large kiln, but that the soft accretions grew just as 
fast as in the small kiln. Moreover, it was impossible to remove accre- 
tions from the large furnace by the usual methods, so that after 48 hr. 
operation the opening in the kiln was closed so much by this peculiar 
growth that it was impossible to continue operations. In other words, 
the commercial-size kiln acted exactly the same as the experimental 
kiln but, on account of its increased size, it was impossible to remove the 
accretions by hand poking. Until a mechanical arrangement capable of 
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removing these accretions and adaptable to commercial-size kilns was 
devised, or until a method of controlling the accretions was found, it was 
not considered feasible to proceed with the erection of a commercial 
plant. 

The next work in the experimental plant was to find a practical 
method of controlling the kiln accretions, and one that could be applied 
to a full-size rotary kiln. Finally, a water-cooled reciprocating rabble 
that worked continuously in the kiln from the feed, or flue, end was 
devised. This kept the experimental kiln free from accretions, but it was 
occasionally necessary to run the rabble into the hot zone. With this 
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Fig. 4.— Dbivb or 10 bt 80 ft. kiln. 
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equipment, the experimental kiln was run nearly continuously from June 
6 to July 21, 1923, with the following results: 


Experimental Plant Results 

Pb, Zn, Fe, Ins., 8, CaO 

Au, Ag, Peb Per Per Per Per Per 

Oz. Oz. Cent. Cent. Cent. Cent. Cent. Cent. 

Ore 0.055 25.2 6.0 4.6 7.0 63.8 4.8 2.6 

Concentrate 0.23 172.6 39.8 7.9 11.3 11.6 15.2 1.0 

Furnace feed 0.044 15.9 3.9 

Fume 0.18 60.5 14.0 4.0 5.3 46.4 1.8 4.0 

Calcine 0.005 1.6 0.12 0.0 5.0 89.2 0.1 1.4 


Fire, pulverized coal. 

Furnace feed, 80 mesh 

Average hot-zone temperature, 2550® F. 

Average flue temperature, 1000® F. 

Average recovery of fume in baghouse, by test, 99.74 per cent. 
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65 tons per hour. 


Although this test showed high metal recoveries, the process was still 
open to the objections that operation of the kiln in this manner produced 
a large amount of flue dust that required retreatment and lowered the 
grade of the fume, and that the continuous operation of the water-cooled 
rabble in the furnace increased the fuel consumption. Also, the mainten- 
ance cost of the rabble was excessive. To obviate these objections, the 
tailing from the wet-concentration mill was filtered, dried, and fed into 
the firing end of a rotary kiln 3 ft. in diameter by 18 ft. long. In this 
manner, the 'feed was quickly heated above the temperature of accretion 
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formation, so that the accretions occurred only in the first few feet of the 
kiln and could, therefore, be much more readily removed by intenmttent 
poking, either by hand or mechanically. This quick heating also resulted 
in quick softening of the furnace feed, the prevention of nearly all dust- 
ing, and the production of a fume containing only about 15 per cent, 
silica. Extractions were about the same as when the kiln was fired at the 
discharge end. This concurrent furnace had a capacity of about 6 tons 
per 24 hr., with a pulverized-coal consumption of 33 per cent, of the fur- 
nace feed. After these satisfactory results had been obtained, the 
decision to build a commercial plant was reached. 

The Chief Consolidated Mill 

The site selected for the Chief Consolidated mill is about 2000 ft. 
east of the Chief Consolidated mine at Eureka. It overlooks a long 



Fig. 6. — Flow sheet of wet concentrator; normal capacity 300 tons daily. 

sloi)e above the town that will afford ample room for stacking the 
dry tailing. 

In the design of the mill, the flow sheet developed in the experimental 
plant was closely followed. The concentration and volatilization units 
were designed for an ultimate capacity of 250 tons of ore per 24 hr., 
but the crushing plant and coal-pulverizing plant were designed to handle 
the necessary tonnage in an 8-hr. shift. The accompanying flow sheets 
(Figs. 5 to 8) will show the principal equipment in each department. 
The plant is substantially constructed of concrete and steel. Wherever 
practicable, positive, individual drives were used on all machinery. The 
electrical equipment of the plant is especially efficient, with push-button 
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or automatic control for all motors, and with adjustable speed motors 
on all feeding devices. 

The crushing plant includes equipment for sampling and weighing 
each carload of ore for settlement with the nnining department. A 
unique feature of this plant are the samplers, which consist of a number of 
pivoted buckets that not only sample the ore, but also elevate and 
convey it to the regrinder. 

The wet concentration plant is so designed that it can be intermit- 
tently operated either on sulfide ore, with the production of a concentrate 
and finished tailing, or on oxide ore, with the production of concentrate 
and a product that goes to the volatilization plant for final treatment. 



Fig. 7. — Flow sheet of volatilization plant. 


It is also possible to eliminate the regrinding of oxide ore in order to deliver 
a 20-mesh feed to the volatilization plant. No attempt is made to recover 
any of the oxidized minerals by flotation, as that is the function of the 
volatilization plant. 

The volatilization plant includes not only the rotary kiln for volatili- 
zation, but also equipment for filtering and drying the furnace feed. Heat 
for the drying operation is supplied entirely by the hot flue gases from 
the rotary kiln. In order to prevent contamination of the fume-bearing 
flue gas, it was necessary to make the drying a muffle operation; therefore 
the rotary dryer is of the indirect-heat type. Drives on the rotary kiln, 
coal-firing equipment, and fans furnishing the furnace draft are equipped 
with adjustable speed motors to furnish extreme flexibility in operating 
conditions. The rotary-kiln drive includes supplementary storage 
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batteries sufficient to drive the direct-current motor for a short period 
in case of power interruptions; this provision was made to prevent the 
hot charge from sticking to the kiln lining. The water-cooled plow for 
removing kiln accretions was built after the rest of the plant had been 
placed in operation; it consists of a plow mounted on the end of a water- 
cooled bar, 86 ft. long, with a direct-current crane motor and gears 
mounted on the other end. The gears run on stationary steel rack 
mounted on each side of the bar. 

The baghouse is similar to those used in most lead smelters. The 
illumination equipment for detecting bag leaks and the automatic shak- 
ing system are features in this plant. 



Fig. 8. — Flow sheet of coal-pulverizing plant. 


The coal-pulverizing plant is unique among western plants, in that 
it employs a ball-mill working in closed circuit with an air-separator for 
the pulverizing. 

In August, 1924, the wet concentration plant started operations on 
sulfide ore. This department developed no serious trouble and yielded 
expected metallurgical results. The volatilization department was ready 
to start operations in December, 1924, but as considerable trouble 
developed in the operation of the rotary kiln, it was not operated steadily 
until May, 1925. The most important development in this plant was 
the successful operation of the mechanical water-cooled plow for remov- 
ing furnace accretions. With this plow, a series of longitudinal trenches 
can be cut through the accretions whenever necessary, and a clean furnace 
can thereby be maintained. The actual plowing operation requires about 
20 minutes. 
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As the final plant adjustments have not been made, no quantitative 
results are available at the present time, but the following preliminary 
data will give an idea of the recent work being performed on oxide ore. 

Gold, Silver, Lead, 


Ounces Per Cent. Per Cent. 

Kiln feed 0.035 11.4 4.7 

Calcine Tr. 1.2 0.2 

Fume 0.30 64.0 27.8 


Tonnage rate to kiln, 7 tons per hr. 

(Coal consumption, approximately 30 per cent, of furnace feed. 

DISCUSSION 

T. Varley, Salt Lake City, Utah (written discussion). — The develop- 
ment and installation of this process are the outgrowth of the old chlorid- 
izing roasting process, supplemented by leaching, that has been carried 
on on this continent since 1557, as recorded by John Percy and other 
pioneers of a later date. The history of chloride volatilization, which was 
the second step in the development of the process, is recorded in Bulletin 
No. 211 of the U. S. Bureau of Mines and contains details of experimental 
work by this process on practically every type of ore. 

The process outlined in this paper, which eliminates the use of salt 
in the volatilization process, is well worth favorable comment. The 
Bureau of Mines began experimental work on this process in 1915 and 
pursued it rather vigorously until 1922, when the work was considered 
practically finished from an experimental standpoint. It is, however, 
only by the application of developed laboratory processes on a commercial 
scale that discoveries similar to those made in this plant are possible. 

The early history states that in many cases, during chloride roasting, 
large losses of metals such as gold and silver by volatilization were noted 
and every precaution was taken to eliminate such losses. It was not 
until about 1893, however, that Pohle and Croasdale discovered impor- 
tant losses in gold and silver tellurides in the Aspen district in Colorado. 
Experimental work by them proved that the losses were very high, for 
which reason they decided that if there was a loss under normal conditions 
that if these conditions were properly adjusted all the valuable materials 
could be volatilized and subsequently recovered in a highly concentrated 
form. In their experimental work along these lines, they proved that 
it was possible to volatilize gold, silver, lead, copper, and other metals, 
but the process was not successful because it was not possible to collect the 
fumes in bags or other devices. The process, therefore, was practically 
abandoned until 1916, when the Bureau of Mines, independent companies, 
and individuals pursued this investigation. With the advent of the 
Cottrell electrostatic precipitators, the process was revived, such a 
means of precipitating the fumes proving satisfactory, and three semi- 

VOL. LXXIII. — 14 . 
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commercial plants were installed — one in Idaho, one in Mexico, and 
one in Arizona. However, because of certain mechanical difficulties 
these plants were operated only in an experimental way. 

The recovery of silver in the Chief Consolidated plant at Hureka is 
much higher without the addition of salt as a chloridizing reagent. 
Experimental work on high-grade silver ores has proved conclusively that 
calcium chloride is a much better chloridizing reagent than ordinary salt, 
but the high cost of this reagent, in some cases, makes its use prohibitive. 

The oxide volatilization of silver, lead, and gold in the Chief Con- 
solidated ores brings up a question of just what are the proper conditions 
for oxide volatilization of these metals: Are the constituents in the ore 
just right for desirable chemical reactions to take place and would such 
reactions take place with any ordinary silver ores? Is there any remain- 
ing sulfur in the ore, which acts as a carrier for the valuable metals, or 
do they volatilize and subsequently pass off as the oxides of the various 
metals without any reagents that take the place of chlorine in the chloride 
volatilization process? 

Can the author give any figures on the ratio of concentration, taking 
the weight of the furnace feed as 100 per cent. 

S. G. Olmstead, Eureka, Utah. — The feed to the kiln represents 
approximately 60 per cent, of the feed to the wet plant; at the volatiliza- 
tion plant the fume will run 15 to 16 per cent, insoluble, which with the 
metal contents constitutes the whole. The concentration ratio will 
vary between 4 and 10 to 1, depending on the tenor of the feed. 

V. 0. Lawton, Salt Lake City, Utah. — How are the metals volatilized? 
What chemical formula would represent them? 

S. G. Olmstead. — We do not know definitely. I beheve that the 
lead comes off in the metallic form and as lead sulfide; in other words 
what sulfur is present combines with the lead in the fume. The silver 
comes off in metallic form. Gold is volatilized but in what form is 
unknown. In the precipitated fume, it is in metallic form. 

0. C. Ralston, Berkeley, Calif. — I believe that I can present a very 
shrewd guess as to the form the metals are in when they are caught 
in the fume. The silver can be volatilized in the kiln at a temperature 
of about 1300® C. without the presence of any chlorides. Published data 
on the vapor pressure of silver show that at 1300® C. the amount of gas 
passing through the kiln is more than enough to evaporate all the silver 
from the ore. As most of the silver minerals on roasting are converted 
to metaUic silver and as the vapor pressure of silver is ample to explain 
its evaporation, this success of the Tintic Standard volatilization kiln 
is not difficult to understand. 
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The volatilization of the lead in the ore is easier to explain. Lead 
carbonate is converted to lead oxide at a very low temperature and lead 
sulfide is roasted to lead oxide and lead sulfate. Lead oxide can be 
evaporated at a temperature as low as 800° in a current of gas, such as 
passes through this kiln, and lead sulfate is dissociated thermally at 
temperatures above 1000°, giving lead oxide and oxides of sulfur. Lead 
sulfate itself is quite volatile at 1300° C. There is therefore nothing 
mysterious about the volatilization of lead. Of course when the gases 
are cooled some of the oxides of sulfur can recombine with the lead oxide 
and then appear in final form as a mixture of lead oxide and lead sulfate. 

It is interesting to note that this method applies mainly to finely 
divided material not too high in lead. The portion of the lead and silver 
that is easily recovered by gravity concentration is difficult to treat by 
volatilization and vice versa. Therefore the combination of gravity 
concentration and volatilization amounts to fitting two processes 
together, each of which makes up for the disadvantages of the other. 

It might be well to point out that an ore which can be heated to 1300° 
C. without serious sintering or slagging is unusual, and as volatilization 
without salt cannot be carried on successfully below this temperature, 
for ores that are more easily sintered chloride volatilization would be 
necessary; this, of course, can be obtained by simply adding salt to the 
charge fed into the kiln. 
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UNLOADING ORBS AND COARSE-CRUSHING PRACTICE 


Method of Unloading Ores and Coarse-crushing Practice at 
Magna Plant of Utah Copper Co. 

By B. E. Mk* and L. M. Barker,! Salt Lake City, Utah 

(Salt Lake City Meeting, September, 1925) 

The present metho(is of unloading ore and coarse-crushing at the 
Magna plant of the Utah Copper Co. are the developments of the past 
five years. H'and dumping and breaking have given way to the rotary 
car dump and large gyratory; and the bucket elevators and stationary 
screens have been replaced by conveyors and shaking screens. 

The coarse-crushing plant may be broadly divided into two units: 
the primary crushing and the secondary crushing, or primary roll, unit. 
The former was erected in 1923; with the exception of the excavation, 
the construction was carried on by forces of the company. Excavation 
was started in the middle of March, the first concrete was poured July 
16, erection of the steel building started Oct. 30, and the unit was com- 
pleted and operating Dec. 30. The unit has a capacity of over 24,000 
tons of ore per day, and cost more than a million dollars. Remodeling 
of the primary-roll unit extended over a period of years preceding this, 
some of the work having been done as early as 1918. 


Delivery of Ore from Mine, Yard Storage, and Handling Ore 
Cars to and from Primary Crushing Plant 

The ore is transported, in steel cars of 80 tons capacity, from the mine 
to the mill, where a reserve tonnage of loaded cars is maintained. Mallet 
locomotives, handling trains of 45 cars, or approximately 3600 tons of 
ore per train, deliver the trains to a storage yard which contains three 
tracks — a passing track and two storage tracks. All of this trackage is 
equipped with an overhead trolley system, so that electric locomotives 
can be used in yard switching. 

The storage tracks have a total length of 4500 ft. and provide storage 
space for 140 cars. The passing track, besides permitting switching 
room for locomotives, is used for storage purposes between train arrivals; 
thus giving intermittently a total storage capacity for the yard of approxi- 
mately 200 cars. The amount of ore stored at any one time, however, 

♦Chief Draftsman, Utah Copper Co. 
t Metallurgical Engineer, Utah Copper Co. 
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varies from 25 to 150 cars, or from 2000 to 12,000 tons, depending on 
rate of train arrivals and mill consumption. 

The ore is drawn from the storage yard by electric locomotives, in 
trains of 10 or 12 cars, and delivered to the primary crushing plant for 
dumping. Steam locomotives were used in this service prior to this 
year; but by the use of electric locomotives marked reductions in operat- 
ing and maintenance costs have been effected. The locomotive switches 
the loads to a track which leads to the car dumper and connects with 
empty or make-up yards beyond. When dumped the empty cars are 
switched to the empty yards, which contain three electrified tracks with 
a total length of 6700 ft., or sufficient space for 200 empty cars. The 
tracks descend from the dumper on a gradually reducing grade — 3 per 



Fig. 1. — General view of Magna plant, looking east. 


cent, at the dumper but reduced to 1 per cent, in the lower yard — thus 
permitting placement and switching of empty cars by gravity. In this 
yard, trains are made up for the return to the mine. A train crew of 
four men accomplishes t(he above switching. Two such crews are used 
in the summer months and three in the winter to maintain a medium 
tonnage; for maximum tonnage, three crews would be necessary all the 
year round. 

Dumping, Primary Screening, Storage, and Initial Crushing 

Dumping and primary screening and crushing constitute the initial 
steps in the coarse-crushing operation. The loaded cars, drawn from 
the storage yard, are switched, two at a time, on to the dumper by the 
train crew. The dumper, which is of the tandem-rotary type, is com- 
posed of two units, which may be operated separately or together; each 
unit handles one car. This arrangement, besides affording means of 
varying the dumping rate, assures constant operation when required, 
facilitates repairs, and minimizes delays. These factors are of particular 
importance during the winter months when frozen ore must be contended 
with. Each unit of the dumper is driven separately by a 50-hp. motor 
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through gear reduction, provision for tandem operation of the two units 
being made in the electrical control equipment in the operator's cab. 
Dumping procedure is as follows: Two cars of ore are spotted on the 
dumper and cut loose from the rest of the train by the train crew. The 
dumper then revolves these cars 165°, dumping the ore upon a bank by 
which it is diverted over grizzlies. The bank is composed of ore from 
previous dumpings. Its use eliminates excessive grizzly wear, and the 
undue loading of the grizzlies that would result should the ore be dumped 
directly on them; and it provides for better distribution of the ore over 
the grizzlies so that more eflSicient separation of undersize results. The 
dumpers operate on a 2-min. cycle, but the average time required for 
the entire operation of spotting cars, etc., is approximately 5 min. This 
is equivalent to a dumping capacity of 24 cars per hour, or 1920 tons of 
ore. This is practically twice the maximum daily tonnage required 
and assures delivery of sufficient ore from the dumpers for the 
mill demands. 

The grizzlies surmount a storage bin of 1500 tons live capacity, and 
discharge at the mouth of a No. 27, 54-in. gyratory crusher. They 
consist of two sections, one under each dumper. These sections are 
car width, 20 ft. long, set at an angle of 42°, and are built up of individual 
20-in. T beams spaced in. apart. The T beams are capped with 
specially designed manganese-steel wearing plates. Undersize, —63^ 
in. ore, passes through the grizzlies to the storage bin, and oversize goes 
to the crusher. Of the ore dumped, it is estimated that approximately 
25 per cent, is oversize and constitutes feed to the No. 27 crusher. 

The No. 27 crusher reduces the oversize to —6K in- and discharges 
it to two small bins or crusher pockets. The crusher is a 54-in. double- 
discharge gyratory, and is driven by a 250-hp., 300-r.p.m. motor coupled 
direct to the pinion shaft through a specially designed flexible coupling. 
This consists of two cast-iron halves and a disk made from 12-ply con- 
veyor belting. The disk is connected separately to each half by bolts, 
the circle of which, for one half, is larger than that for the other. This 
type of flexible coupling is used primarily for the protection afforded the 
crusher against tramp iron; in addition there is an overload release on 
the motor. The crusher pockets are adjacent to the undersize storage 
bin, and ore can be drawn into them through holes in the partition wall 
common to both. 

Delivery, Conveying, Screening and Second Stage op Crushing 

The ore in the undersize storage bin and crusher pockets is removed 
by 72-in, pan feeders, which discharge on to belt conveyors. The pan 
feeders, four in number, are arranged in pairs on opposite sides of the 
crusher. Of each pair, one feeder is located under the storage bin and 
the other under a crusher pocket. Two 54-in. belt conveyors are located 




Fig. 3.— Flow sheet of coarse-crushing department. 
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directly below the feeders, one to each pair, and take the discharge from 
them. The storage-bin feeders are driven by two speed motors through 
reduction gears. The controls for the motors are tied in with the con- 
trols of the belt conveyors, thus providing for starting and stopping of 
feeders and conveyors simultaneously. The feeder motors can, however, 
be permanently cut out by push-button switches on the control panel 
if occasion requires. The crusher-pocket feeders are driven by roller 
chain and sprockets through a friction clutch from the belt-conveyor 
drive, thus giving operating conditions comparable to those prevailing 
on the storage-bin feeders. These latter feeders discharge on to a short 
grizzly, which screens the fine ore on to the belt conveyors and forms a 
cushion to protect the belts from snagging by coarse ore. The crusher- 
pocket feeders discharge directly on to the belt conveyors, but subsequent 
to the discharge of the storage-bin feeders. 



Fig. 4. — Car dumper building and No. 9 crusher building. 


The two 54-in. belt conveyors advance the ore to another unit, known 
as the No. 9 plant, for the second stage of coarse crushing. These con- 
veyors are operated on a 19° incline, and each is driven by a 125-hp. 
two-speed motor through double reduction gears and a modified snub 
drive. Both conveyors are equipped with ball-bearing troughing and 
return idlers. The motors are equipped with solenoid brakes, which 
operate on a brake drum attached to the rotor shaft. The brakes auto- 
matically release when the motor is started and set when the motor 
stops, thus preventing backing up of the conveyor when stopped under 
load. Push buttons for motor control are installed at both the head and 
the tail ends of conveyors. That at the tail end can be used only for 
stopping the conveyor, the main control being at the head-end station. 
The conveyors can be operated at either of two speeds — 175 ft. or 350 
ft. per min. This provision is made primarily so that the maximum ton- 
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uage of ore can be handled by one belt should occasion require it. The 
conveyors discharge the ore into a steel hopi)er in the No. 9 plant , at 
which point tramp iron and mine timber are removed from the ore by an 
operator stationed there for that purpose. 

From the steel hopper, the ore is discharged over four grizzlies whose 
product, undersize and oversize, are diverted to a surge bin and four 
gyratory crushers, respectively. The grizzlies and crushers are located 
in pairs on opposite sides of the hopper. The hopper is supported on a 
steel structure over the grizzlies and serves merely as an ore distributor. 
Flow of the ore over the grizzlies is controlled by lifting counterbalanced 
swing gates. Stoppage of the feed to one grizzly simply increases the 
quantity thrown to those remaining in operation. The grizzlies, built 
up with standard manganese-steel T bars, are 12 ft. long, 6 ft. wide, 
slightly fanned at the bottom, and set at an angle of 42°. Spacing of 



Fia. 6 . — Grizzlies and hoppers over No. 27 crusher, car dumper building. 

grizzly bars is varied, to suit ore conditions, within the following limits: 
in the summer with dry ore, 1^ in. spacing; in winter and early spring 
with wet and frozen ore, 2J^ in. spacing. Of the tonnage of ore delivered 
to the grizzlies, approximately 30 per cent is oversize and is discharged 
into the No. 9 crushers. These crushers are of the short-head type and 
are direct driven through a flexible coupling of the same design as used 
on the No. 27 crusher drive, by a 125-hp. 450-r.p.m. motor. In addi- 
tion to the normal control equipment at each motor, push-button cut- 
outs are installed on the hopper or operating floor. Each crusher is 
equipped with force-feed oil pump for lubrication of eccentric bearings 
and cold-water coils for maintaining the lubricating oil at a moderate 
temperature. There is also provided an external pumping and filtering 
system for continuous treatment of the oil circulating in all crushers. 
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The orushers reduce the oversize from the grizzlies to approximately 
— 2}4 discharge their product to the surge bin where it joins 

the grizzly undersize. 

All of the equipment described so far is contained in one building, which 
practically consists of two parts. One contains the dumping plant, 
bins, feeders, and No. 27 crusher, and the other, the No. 9 plant, with 
its grizzlies. No. 9 crushers, and surge bin. In both plants most of the 
operating floor space is below ground level. The building is constructed 
of concrete and steel and provided with sufiScient windows for good 
lighting. In its design, care was taken to provide ample room around 



Fia. 6. — Hopper over chutes and grizzlies feeding No. 9 crusher. 

all equipment, so that it would be easily accessible and safe for operating 
and repair crews. Guard rails and screens have been provided, wherever 
possible, around all dangerous places, and stairways and runways were 
made of ample width. The dumping plant constitutes the main portion 
of the building and contains four floors. The vertical distance from 
the car-dumper track, or first floor of the building, to the bottom floor is 
97 ft. This part of the building is equipped with a 60-ton electric crane, 
having a 10-ton auxiliary hoist. This crane serves directly all heavy 
equipment, except pan feeders and tail pulleys of belt conveyors. Man- 
ual labor is reduced to the minimum in handling such equipment, how- 
ever, as a shaft 8 ft. square extends from the third to the bottom floor. 
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Most of the work of replacement, or removal, is accomplished by the 
crane through this shaft. The No. 9 plant contains three floors, the 
top floor providing ample rigger space for daily repairs. This part of 
the building is equipped with a 30-ton electric crane, which can handle 
directly, or through hatchways, all heavy equipment in this plant. 
A standard-gage railroad spur enters the building on the third floor. The 
bottom floors of the two main portions of the building are connected by a 
tunnel 4 ft. wide and 6 ft. high, which, besides serving as a passageway, 
is used as a cableway for power lines and for drainage purposes. 

Delivery to and Treatment in the Secondary Coarse-crushing 

Plant 

Conveying and Weighing of Ore and Removal of Undersize Resulting from 

Primary Treatment 

From the surge bins below the No. 9 crushers, the ore is discharged 
through chutes to two 54-in. horizontal conveyors, which deliver it to 



Fig. 7. — Concrete tunnel fob conveyors. 


the secondary crushing plant. The conveyors run through a tunnel 
23 ft. wide and 325 ft. long. The remoteness of the primary crushing 
plant from the mill building proper and the presence of Bingham & 
Garfield R. R. tracks and shops between necessitated the construction of 
this tunnel and the use of this additional conveying equipment. These 
conveyors are equipped with ball-bearing idlers, also six sets of conveyor 
aligning idlers each, equally spaced throughout their length. They are 
driven from the head pulley by 60-hp. two-speed motors through double- 
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reduction gears and flexible couplings of the design described. Like 
the 54-in. incline conveyors, push-button control of the motor is provided, 
stop buttons being placed at regular intervals along each belt. A 
signal-light system assists the operators in the coordination of the 
several units of the primary crushing plant; there, also, two belt speeds 
are provided for operating contingencies. Recording weightometers 
are installed near the head end of these conveyors; at this point, also. 



Fig. 8, — Conveyors in primary roll plant. 


moisture samples are taken from the ore stream. Each conveyor dis- 
charges upon a specially designed four-cam impact screen, the under- 
size of which is diverted to conveyors delivering to the fine-ore storage 
bins. On these screens, as in the case of the grizzlies, the opening (in 
this case screen mesh) is varied to meet ore conditions. On dry ore, 
1 by 1 in. mesh is used; on wet ore, as large a mesh as IH by 3 in. The 
entire primary coarse-crushing plant tonnage is treated by these screens, 
and of this tonnage approximately 60 per cent, is oversize. This over- 
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size discharges into a surge bin, which feeds two Aort 48-in. belt con- 
veyors delivering to the secondary crushing, or primary roll plant. 

Primary Roll Grinding and Accessory Screening and Conveying Equipment 

The primary roll plant contains two similarly equipped units, each 
of which receives ore from one of the 48-in. conveyors. The ore is 
discharged upon a 48-in., 21° incline, belt conveyor, which delivers it to 
a hopper above two 72 by 20-in. rolls. The conveyor is equipped with 
ball-bearing troughing and return idlers, and is driven by a 100-hp., 
690-r.p.m. motor through a flexible coupling, reduction gears, and 



tandem drive, at a speed of 420 ft. per min. The hopper above the 
rolls is two-way and provided with a basket-type splitter gate, so that 
feed to either roll can be cut off and diverted to the other roll when 
necessary. Construction of the hopper is such that the ore discharged 
into it falls upon a bed of ore, thus eliminating the use of liners. From 
the hopper the ore passes to the two 72 by 20-in. rolls. Each roll is belt 
driven from a line shaft, which is, in turn, driven through a flexible 
coupling by a 250-hp. 300-r.p.m. motor. The product of each roll 
discharges upon a 36-in., 21° incline conveyor, the tail of which is directly 
beneath the roll. The equipment and drives of these conveyors are 
similar to those of the 48-in. conveyor, except that the motors are 50 
hp. 670-r.p.m., and the belt speed of both is 370 ft. per min. 
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The 36-in. conveyors each discharge into a round-bottom, steel, 
surge bin, or screening tower, from which the ore is drawn by drum 
feeders, of which there are four, in pairs, under and on opposite sides of 
the bin, 36 in. in diameter and 72 in. long. The tonnage delivered 
from them is regulated by adjustable swing gates. The impact screens 
are of special design, two cam type, and mounted one under each feeder. 
Two cam shafts, belt driven by a 5-hp. motor, operate the four screens. 
The mesh of these screens is varied with ore conditions, but is seldom 
greater than 1 by 1 in. or smaller than ^ by % in. The screen under- 
size constitutes the finished product of this plant and is diverted to 
conveyors that deliver it, together with the undersize of the four cam- 
impact screens, to the fine-ore storage bins. 

The screen oversize falls upon a 36-in. conveyor, which delivers it 
to a 54 by 20-in. roll. The drive for this roll is similar to that of the 
72 by 20-in. roll, except that appropriate pulleys are included on the 
line shaft for belt driving the drum feeder mechanism and the 36-in. 
conveyor of the screening tower. The product from the 54 by 20-in. 
roll passes through chutes to the 48-in. incline conveyor, thus being 
returned to the circuit heretofore described. 

All of the equipment of this plant, as well as considerable accessory 
equipment, is contained in one building. Of the accessory equipment, 
a 30-ton electric crane is the most important. This serves directly, or 
through hatchways, all heavy machinery in the plant. The building 
itself contains no unusual structural features. 

Addendum 

In its broader aspects, the efiiciency of a coarse-crushing operation 
cannot be measured only in terms of tonnage treated and degree of 
reduction made. The cost of the operation per ton of ore is usually 
the most important consideration. Some general cost data on Magna^s 
operation are as follows: Average total cost per ton $0.03904. This 
cost is made up of the following items: 


Operating labor, per ton $0.01053 

Car dumper, per ton 0.00072 

Crushers (No. 27 and No. 9), per ton 0.00294 

Feeders and conveyors, per ton 0.00747 

Screens, per ton 0.00173 

Secondary rolls, per ton 0.00737 

Electric power, per ton 0 00828 


These costs were obtained when treating a medium tonnage and 
do not include overhead expense. The reduction accomplished by 
these crushing operations is from general run-of-mine material to 
— % in. size. 
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DISCUSSION 

W. C. Madge, Salt Lake City, Utah. — What is the speed of the 
conveyors? 

B. E. Mix. — T here are two conveyors in each unit, both running 
normally at 175 ft. per min. If one is stopped for any length of time, the 
other conveyor is speeded up to 350 ft. per min. to carry the total 
tonnage during the time the one is idle. 
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Mechanism of Filtration 

By Arthur W. Hixson,* Lincoln T. Work* and Isaac H. Odell, Jr.* 

(New York Meeting, February, 1926) 

Although a few engineers have recognized the problem of the 
mechanism of filtration it has never been studied in a quantitative way. 
A background for a better understanding will be afforded by a survey 
of certain fundamental principles of filtration. 

In recent years, authorities have become practically unanimous in 
saying that the actual filtering should be done, not by the cloth itself, 
but by a layer of solid particles deposited upon it. Thus, a cloth may be 
used in which the openings are considerably larger than the particles to 
be filtered, provided that groups of particles form an arch or bridge over 
each opening. This can be accomplished if the initial pressure is so low 
that the arch will not be broken while it is still thin. According to 
Wright,^ the chief advantage of this method of filtration is that the open- 
weave cloth does not become clogged as easily as does one of closer weave, 
where the fine particles often work their way into the interior of the cloth 
and become caught there. If the character of the material to be filtered 
is such that it will not form a good film, then it becomes advantageous to 
use filter aids^^ for pre-coating the cloth with a desirable layer of solids, 
and the coating need be only of a very slight thickness for good results. 
Until the film is formed, the first runnings of the filtrate may be cloudy, 
often necessitating refiltering this portion. 

A factor which has considerable effect on the performance of filters 
is the concentration of solids in the pulp. According to Wright, a high 
concentration of solids gives a porous cake, since the flow is then slower 
than with a thin pulp. The porosity of the cake is also affected by the 
pressure: a high initial pressure tends to compact the cake, and the same 
effect results from fluctuations of pressure. In his studies of the relation 
between pore size and particle size, Hatschek^ observed that the particles 
in a pulp tend to arrange themselves with maximum cross-section parallel 
to the direction of flow and that this is more marked at the higher 
velocities. Thus, at high pressure and high velocity, a certain pulp 


* Dept, of Chem. Eng., Columbia Univ. 

^ A. Wright: Industrial Filtration (1923). 

* E. Hatschek: Mechanism of Filtration. Jrd, Soc. Chem. Ind., (1908), 27 , 538. 
Principles of Technical Filtration. Jrd, Soc. Chem. Ind. (1920), 39 , 220-8T. 
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will pass through a given filter cloth, whereas, at a lower pressure and a 
correspondingly lower velocity, a cake will be built on the cloth. 

The researches on plasticity by E. C. Bingham,® while they do not 
concern filtration directly, do suggest a new approach for the study of 
the problem Bingham investigated the flow of suspensions of clay in 
water, and also of paints in oils, using capillary tubes considerably larger 
than the particles of the material. He notes, that, when the force applied 
is only slightly greater than that necessary to start motion, a condition 
of seepage exists, with the liquid being forced through the pore spaces 
between the solid particles. Other things being equal, this effect becomes 
greater as the size of the capillary decreases. It would therefore seem 
that a size of tube could be reached at which this seepage effect would be 
great enough to produce filtration. 

Size of Particles and of Filter Opening 

An experimental study was made to determine the relation between 
the size of particles and the maximum possible size of filter opening, using 
calibrated capillary tubes for the openings. The material used was 
quartz sand, previously ground in a ball mill. This was screened to 
mesh intervals of 130-230, 230-325, and minus 325, the sizes being desig- 
nated respectively as (1), (2), and (3). The last was further classified 
by the method of sedimentation, and three fractions designated respec- 
tively as (3-a), (3-6), and (3-c) were obtained. All of these were examined 
microscopically, the intermediate dimension or the short diameter in 
the plane of the microscope being taken as the criterion of size. The 
five fractions finally obtained were of the following sizes : 

(1) .085 - .165 mm. 

(2) .060 — .085 mm. (3-a) .030 — .060 mm. 

(3) .000 — .060 mm. (3-6) .012 — .030 mm. 

[ (3-c) .000 — .012 mm. 

From sizing data, it was determined that (3) contained 40 per cent, 
of (3-a), 15 per cent, of (3-6), and 45 per cent, of (3-c). 

The tubes used for filtration were made by drawing out thick-walled 
1-mm. glass tubing. Their diameters were determined with the micro- 
scope to a^ precision of about .010 mm. The sizes of those tubes which 
affected the results were .160, .208, .264, .340, .392, .464, .496, .560, and 
.624 mm. For convenience, these figures will all be expressed as microns, 
.001 mm. equalling 1 micron. The filtrate from the capillary tube was 
received in a glass bottle connected through a stop-cock to the capillary. 
The receiver was connected to a vacuum vessel which had outlets to the 
vacuum pump, the manometer, and the atmosphere. 


* E. C. Bingham: Fluidity and Plasticity (1922). 
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Each pulp was prepared in a small beaker, into which the capillary 
was dipped, and the vacuum was gradually applied by closing the outlet 
to atmosphere. If a cake formed, the vacuum was increased to 25 in. 
of mercury, to determine whether the cake would withstand this pressure. 
Several attempts were made before recording a negative result. This 
procedure was followed with each of several capillaries to locate the limit, 
which was taken as the smallest size of capillary upon which no cake 
would form. Where cake formation was very difficult with one size of 
tube, or the cake broke down before full vacuum was reached, the 
result was recorded as doubtful between two tube sizes. But, as such 
cases were not numerous, the precision with which the limits were deter- 
mined may be considered to be about 30 or 40 microns. In this manner, 
the maximum filter opening was determined for a variety of particle 
sizes and pulp densities. 

Microscopic Examination of Cake 

Several representative cakes were removed from the capillary and 
examined under the microscope. In the center of each cake, there was 
an arch in which the larger particles formed the structure. This arch 
evidently acted as the support for the entire cake, and the interstices 
in it formed the ducts for the passage of the liquid. A typical section of 
the cake is best shown by a sketch, as in Fig. 1. 



Fig. 1. — Structure of filter cakes. 

The results, which are shown graphically in Figs. 2 to 6, may be 
summarized as follows: 

1. For a narrow range of particle sizes, the limiting size of filter 
opening is essentially constant from a pulp density of 60 per cent, down 
to 16 or 20 per cent. Below this percentage, the opening is less, ap- 
proaching the size of the largest particle in the sample as the sohd content 
approaches zero. Under the condition that the particles are infinitely 
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Relation between Maximum Filter Openings, Particle Size and Pulp Density 


Fraetion 

P^iole 

Pulp 

Density, 

Maximum 

Blend Number 

Pulp 

Densityr 

Maximum 

Opening, 

Miorons 

Number 

Siie. 

Microns 

Per Cent. 
Solid 

Opening, 

Microns 

and Per Cent. 

Per Cent. 
Solid 

(1) 

86-160 

60 

624 

(l)-(2) 

60 

624 



40 

624 


40 

624 



20 

624 

50%-50% 

20 

624 



10 

560 


10 

560 



5 

2.5 

496 

464 


5 

496 



(l)-(2) 

58 

624 







(2) 

60- 85 

60 

560 


40 

624 



40 

560 

25%-75% 

20 

560 (624) 



20 

560 


10 

496 



10 

496 


5 

464 



c: 

464 







(l)-(2)-(3) 

60 

624 






(3) 

0- 60 

60 

464 (496) 


40 

624 

40%a-15%b 


40 

496 (464) 

50%-10%-40% 

20 

560 

45%c 


20 

10 

464 (496) 
392 (464) 


10 

464 (496) 



(l)-(2)-(3) 

58 

624 







(3-a) 

30- 60 

60 

464 (496) 


40 

560 (624) 



40 

496 

25%-25%-50% 

20 

496 



20 

10 

496 (464) 
496 (464) 


10 

392 








5 

392 

(l)-(2)-(3) 

60 

624 (560) 



2.5 

392 


40 

496 



1.6 

340 

10%-10%-80% 

20 

10 

464 

392 

(3-6) 

12- 30 

50 

464 









38 

392 

(2)-(3) 

60 

496 (560) 



20 

392 


40 

496 (560) 



10 

392 

20%-80% 

20 

392 



5 

340 


10 

392 

(3-c) 

0- 12 

57 

340 

3(a)-(6)-(c) 

57 

464 



40 

340 


40 

464 (392) 



20 

340 

10%-10%-80% 

20 

392 



10 

340 (264) 


10 

340 



5 

208 





fax apart, each one would come to the opening separately, and the 
largest particle would start filtration in any tube of less than its 
own diameter. 

2. There is a definite mathematical relation between particle size 
(P) and filter opening (C) in microns for sized fractions of greater than 
20 per cent, solid content. Using th e max imum particle size in the sized 
fraction, the relation is C = 176 Pma*. Using the average particle 
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Pulp DcnsiKj,perc«n+ soli'ds 


Fiq. 3. — Comparison op pulp density and maximum filter opening for blends 

OF SIZED particles. ^ 

Sample (1) as maximum size. 




Pulp ,p«r cant Mlidis 


Fia. 5. — Comparison op pulp dbnsttt and maximum filter opening for blends 


OF SIZED PARTICLES. 

Sample (3-a) as maximum size. 
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diameter, it is C = 190 Both equations are equally applicable, 

and there is at present no reason for selecting one in preference to 
the other. 

3. In blended samples formed by the substitution of finer particles 
for a portion of the sized fraction, the fall in the value of the filter opening 
occurs at a higher pulp density and it is more gradual. 



Fig. 6. — Comfabison of particle size and maxiuum filter opening. (20 to 

60 PER CENT. SOLIDS.) 

Further Significance op Data 

When studied and interpreted, the data have still further signifi- 
cance. For instance, it is conceivable that each size of particle might 
play its proportionate part in determining the maximum size of filter 
opening. Thus, if the effect of each single interval of size in a blended 
sample were proportional to its percentage in the blend and to its maxi- 
mum filter opening when alone, it would be possible to predict the 
maximum opening upon which the blend would filter at any pulp density. 
For example, curve c (Fig. 3) shows a sample containing 60 per cent, of 
size (1), 10 per cent, of (2), and 40 per cent, of (3). At 10 per cent, 
solids in the pulp, the filter openings for (1), (2), and (3) are 565, 515, 
and 376 microns, respectively. These values are taken from the curves. 
On this basis, the value of the maximum filter opening for the blend 
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in 10 per cent, concentration in the pulp should equal .50 X 505 + 
.10 X 515 + .40 X 375 = 483. The value from curve c is 445. These 
relations hold fairly well, within the precision of the determinations, in 
the lower concentrations; but above about 40 per cent, solids the calcu- 
lated values are considerably lower than the experimental ones. In high 
solid concentrations, therefore, the constant which represents the effect 
of a given range of particle sizes in a blended sample must be greater than 
the filter opening corresponding to that particle size when isolated. 
Fig. 7 shows a set of constants which can be used to calculate the filter 
opening for a given pulp density of a given blend of particle sizes. The 
results so obtained agree with the experimental data within the precision 



io 20 30 40 50 

Pulp Danfei+y^pcr ccn+ solids 

Fig. 7, — Constants for effect of each size. 


60 


of the determinations. Since these constants do not differ greatly from 
the values for the sized fractions it is possible that the curves for the 
latter are not truly horizontal above 20 per cent, solids, but that they 
rise with the pulp density by an amount not detected in the experiments. 

Concentrations of Solids and Particle Arrangement 

It is also probable that, at high pulp densities, there is a condition 
which renders cake formation easier than in more dilute pulps. High 
concentration of solids may affect the particle arrangement, in that there 
will be less tendency in the thicker slurries for particles to arrange them- 
selves with their greatest cross-section parallel to the direction of flow. 
Moreover, the finer particles when close together may have more tend- 
ency to take part between the larger ones in the filter bridge formation, 
thus increasing the diameter of the bridge. In other words, with thick 
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pulps, the combined action of the various sizes may be greater than the 
sum of their separate actions. 

There is also the possibility that the maximum filter opening for any 
pulp is determined by the actual concentration of the particles of maxi- 
mum size in the total weight of the pulp. This is indicated by the fact 
that, for all samples having the same percentage of size (1) in the total 
weight of pulp, the filter opening is nearly constant, varying in no case 
by more than one capillary size interval. A similar condition exists in 
samples with (3-a) as maximum size. This suggests that the frequency 
with which the particles of maximum size occur is the determining influ- 
ence, but it is hardly conclusive. That the larger particles of a mixture 
play a predominant part in the formation of the filter bridge is shown by 
the results of microscopic examination of the cakes, as well as by the 
experimental results. 

So far it is impossible to state which of the two factors determines the 
size of opening on which a given pulp will filter. In the case of the 
thicker pulps of the blends, the facts favor the idea of concentration of 
maximum particles, while, with more dilute suspensions, each band of 
sizes seems to have an effect proportional to its own size of filter opening. 

As Particles Become Smaller Larger Number Form Bridge 

An interesting fact is brought out in connection with the ratio be- 
tween capillary size and particle size, shown in Fig. 8. It is an axiom in 
the design of apparatus for handling materials in bulk that all gates and 
orifices should be at least three times the size of the largest pieces present, 
because three particles will form a bridge and clog the opening. The 
figure shows that the ratio between opening and particle size approaches 
this value of three in the largest sizes. The curve has a value of four for 
size (1) and it seems to be asymptotic to a value of three for still larger 
sizes. But the ratio increases rapidly as the particles become smaller, 
being about 28 for size (3-c). Thus, as the particles become smaller, a 
larger number of them will form a bridge. It would seem as if the 
viscous resistance of the thin fluid films between particles contributed 
largely to the increase of this ratio. A full explanation of the theory of 
this phenomenon not only would aid in explaining bridge formation at 
the filter opening but also would go far toward an understanding of the 
resistance of filter cakes to fluid flow. 

The results obtained with quartz can not necessarily be applied 
quantitatively to materials with particles of different shapes or of still 
smaller sizes, but the general tendencies will probably apply in all cases. 
The form of the curves and the effects of blending sizes should be 
much the same for any material. Other factors which would be likely 
to affect the results are the shape of the openings and their distance 
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apart. The ase of square, oblong, or irregular holes, instead of round 
ones, would change the conditions of bridge formation. The presence 
of adjacent openings would alter the directions of fluid flow into any 
given orifice and this, too, would affect the bridge formation. 



Fig. 8. — Ratio of particle size and filter opening for each range of particle 
SIZES. (20 TO 60 PER CENT. SOLIDS.) 

Use of Thick Pulps Desirable 

While the conditions existing in these experiments differed from those 
encountered in filtration practice, the data are sufficiently definite to 
justify practical suggestions. Probably the most striking fact is the 
desirability of using as thick pulps as can be conveniently handled. By 
this means it becomes possible to use a filter medium with larger openings, 
thus gaining the advantages mentioned by Wright and others, such as, 
better flow and absence of clogging. To achieve the same end, the pulp 
should be of a suitable degree of fineness, or, if it is already too fine for 
ready filtration, it should have coarse filter-aid^' added. In a general 
way, these things have been known. This paper offers a method of 
making more quantitative the selection of a proper filter medium. 

DISCUSSION 

J. A. Baker, Newfield, N. J. — Mr. Work, have you made any 
observations on the effect of the amount of vacuum on the structure 
of cake? 

L. T. Work. — ^The vacuum was always maintained at a low value to 
start. In certain cases, if the vacuum was initially very high, the cake 
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would not form on a large capillary, whereas at a low vacuum, it would. 
As far as the structure was concerned, we noted no differences. We had 
only a qualitative measure in the microscopic examination. This struct- 
ure is largely that of cakes formed under a low vacuum first and followed 
by a high vacuum. 

G. H. Clevenger, Boston, Mass. — It is well to bear in mind that 
filtration is brought about by a difference in pressure between the pulp 
and the filtrate. In the vacuum filter you have the difference in pressure 
between atmospheric pressure and whatever vacuum is used. In the 
pressure filter you have the difference in pressure between atmospheric 
pressure and whatever pressure above atmospheric pressure is used. 
Often the rather narrow range in pressure difference possible in the 
vacuum filter is all that is necessary to obtain the most economic results. 
At one time it was thought that greatly increased capacity could always 
be obtained with pressure filters because of the greatly increased differ- 
ence in pressure that could be had, but with slime containing little granu- 
lar material this often did not prove to be true. When there is a large 
proportion of granular material, an increase in pressure difference may, 
and often does, increase capacity. If these studies had been carried on 
at still higher pressures, there probably would have been noted 
compacting of the filter cake with lessening of the rate of filtration. 

L. T. Work. — Your point is well taken, that we should not try to 
draw the same conclusions for pressure filtration. However, we were 
studying primarily the action at the filter surface. Under extremely 
high pressures, distortion of the cloth very often takes place allowing a 
cake that is once formed to break down. 

G. H. Clevenger. — At one of the plants where they first introduced 
vacuum filtration, experiments were made at first with a filter press about 
100 lb. per sq. in. ; it was hard to get solution through a cake in. thick. 
With a vacuum filter there was no trouble informing a cake 3^ to % 
in. thick and obtaining a reasonable flow of solution through it. Pressure 
is rather important, and it has worked out that in metallurgical work at 
least — ^the situation may be a little different in the chemical industry — 
that the vacuum filter, everything considered, appears to have a decided 
advantage. That is, you do not gain much by increasing pressure. 

J. B. Porter, Montreal, Que. — I have an impression that you can 
sometimes start with a low pressure and increase it, with less breakdown 
of the cake than if you started with a higher pressure and kept it up. 
Mr. Work, have you found that to be so? 

L. T. Work.— Yes. 

G. H. Clevenger. — The question might be asked where does 
thickening leave off and filtration begin? Could not some cases be 
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regarded as thickening problems where actually filtration might be more 
advantageously applied? Mr. Callow might say something on this 
subject with particular reference to the Center thickener, which after 
all is roughing filter rather than a thickener in the ordinary sense of 
the term. 

J. M. Callow, New York, N. Y. — The Center is a filter thickener 
in which a filter medium is used to remove the liquid. It is largely used 
in beet-sugar work but is being gradually extended into metallurgical 
work. In the first carbonation juices in beet-sugar work, we have pulp 
containing about 3 per cent, solids. By the use of this filter, we take off 
76 to 80 per cent, of the solution in the thickener and thereby relieve the 
drum filters, which follow, of that much work, so that only about 20 per 
cent, of the total burden is on the drum filters. This makes a continuous 
process, as against the old plate and frame presses once used in this 
business, and they now require only about one-tenth of the filter area 
formerly used. 

Where thickening should stop and filtering commence is a practical 
question, depending upon the machine used for the final filtering. The 
drum or disc type of filter requires the thickest possible pulp in order to 
get proper removal of the cake, so that its capacity depends upon the 
amount of filtrate to be withdrawn. Therefore, the thicker the pulp 
the larger the capacity of the machine. 

You cannot put upon a drum filter material that runs Z}/2 per cent, 
solids, for instance, because the cake would be so thin that you could 
not possibly scrape it off. With this filter-thickener device, a very thin 
cake forms on the sacks, sometimes not over .tfg in. thick, before it is 
thrown off. Under these conditions, you get the advantage of that high 
initial rate of filtration, with which we all are familiar. 

G. H. Clevenger. — If you start with a pulp having a high ratio of 
liquid to solids and a pulp of maximum density is required in the dis- 
charge, it would seem to be clearly a case for the simple gravity thickener. 
On the other hand, if elimination of only a small proportion of liquid is 
required and a clear overflow must be had, it is quite possible that the 
automatic type of roughing filter may be better because of the small 
space occupied and the clearer overflow. Such cases may arise in flo- 
tation but each individual case requires careful study to determine which 
type should be used. 

J. M. Callow. — Probably Mr. Clevenger and I have in mind the 
same set of experiments that were made on some flotation concentrates — 
lead, zinc and iron concentrates — ^in which we wanted to raise the per- 
centage of solids from 25 to 65 per cent. If you use a Dorr tank, where 
you depend upon sedimentation with 25 per cent, solids, or sometimes 
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35 per cent., the settling rate is very low and a very large area is necessary 
because of the density of the initial pulp in the thickener whereas it is 
really more advantageous to use the filter thickener. This device has a 
relatively small amount of liquid to remove as against the large amount 
of solids. 

G. H. Clevenger. — Briefly stated, when the amount of filtrate to 
be removed is relatively small, filtration may be advantageous; but when 
the amount is very large, the gravity thickener should be used to bring 
the pulp up to the point where the filter can efficiently handle it. 

J. M. Callow. — If you take a concentrated pulp as it comes off the 
flotation sheet, say it runs 30 per cent, solids, and put that on a drum 
filter, the cake is so thin it can hardly be scraped off. Put it through a 
filter thickener and at the expense of one filter you may be able to save 
the outlay on two or three drums, and the sum total cost of the filter 
thickener plus the drum thickener will be very much less than if the drum 
alone were used. After the preliminary thickening treatment to 
%-in. cakes can be scraped off the drum. 

The filter thickener has another advantage in that a high rate of 
filtration can be obtained with pulps which are carried by liquor of high 
density, such as zinc sulfate and solutions in zinc leaching plants, whereas 
the rate of settling with the gravity settling plant is very low. 

A. B. Parsons, New York, N. Y. — Did Mr. Callow say that the 
Center filter was thickening from 25 or 30 up to 65 per cent, solids? 

J. M. Callow. — Yes. 

A. B. Parsons. — Then it is also suitable for thickening up to 30 per 
cent. It has a double function, is that it? 

J. M. Callow. — It has, but it is questionable whether it would pay 
as against a gravity settler. The trouble with the use of gravity settling 
in the sugar business is the long time of contact in the tank. You get 
an inversion of the sugar, due to the long time you are in process, whereas 
you are in and out of process in a Center thickener in a few minutes. 
Then too, you are dealing with solutions near boiling, although that 
should help rather than hinder gravity settling. 

With the cold pulps, tailing for instance, where you have 10 to 1, 
you must take 10 tons of water away from 1 ton of solids. That is 
putting heavy duty on the filter thickener and in this case the gravity 
thickeners might show a lower investment cost. 

A. B. Parsons. — How is the Dorr thickener working out, compared 
with the Center thickener in metallurgical work? 

J. M. Callow. — A number of experiments have been made but we 
have nothing definite to offer as yet. We are putting in another machine 
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for the Veille Montagne Co. in France, for the same purpose that Traille 
is using it. 

B. R. Bates, New York, N. Y. — When a thickener is fed with 25 per 
cent, solids the question would probably be more one of volume of the 
tank than one of area. With a thickener feed in the hindered settling 
zone, area would probably figure very little. The problem would be 
retention of that pulp until it reached its final density for discharge. 

G. H. Clevenger. — It amounts to double filtration when handling 
lead, zinc and iron concentrate,* the Center thickener doing the roughing 
and the drum or disc filter doing the finishing. With a middling from 
flotation when only a little fluid must be removed, only the 
single operation in a Center thickener would be necessary. 

C. E. Locke, Cambridge, Mass. — The flow of pulps through orifices 
has always been a problem to the millman, that is, to know when an 
orifice would clog and when it would not clog. It seems to me a study 
of these arches should have an application in connection with all sorts 
of small orifice work in milling. 
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Classification in Witwatersrand Mills 

By Bennett R, Bates,* New York, N. Y. 

(New York Meeting, February, 1926) 

Nowhere in the world has cone classification in closed-circuit grinding 
with tube mills reached as high a state of development as on the Wit- 
watersrand. In the development of the Far East section the necessity 
of fine grinding to obtain satisfactory residues gave rise to a situation 
with which the cone could cope only at a great sacrifice in efficiency of 
tube-mill grinding. H. A. White^ recognized the limitation of the cone 
in his study of the theory of tube milling as early as 1915, but it was not 
until Ewing, Davis and Willey^ carried out their tests at Springs 
Mines during 1920 that the advantages of mechanical classifiers 
were demonstrated. 

During the fall of 1924 the writer supervised a series of tests with Dorr 
classifiers undertaken by Mr. White, Consulting Metallurgist, at the mill 
of the Geduld Proprietary Mines, Ltd., Dersley, Transvaal (Far East 
Rand). The importance of classification to obtain efficient tube-mill 
grinding was thoroughly demonstrated. The installation of classifiers 
of the above type that followed the test confirmed the results of the 
experimental work. 

Tests with Cones, Straight Type and Bowl Classifiers 

The test at the Geduld mill was made to determine the relative grind- 
ing efficiency of a tube mill when grinding in closed circuit with cones, 
straight type Dorr classifier and Dorr bowl classifier. The efficiency of a 
tube mill, as expressed in this article, is based on the tons of minus 200-mesh 
material produced by the mill. The efficiency is also expressed in terms 
of tons of minus OO-mesh material produced by the mills to correspond to 
the standard practice on the Witwatersrand. 

The results given for the performance of the tube mills grinding in 
closed circuit with cones (Fig. 1) were taken from previous tests carried 


* Manager, Export Division, The Dorr Co. 

^ H. A. White: Theory of Tube Milling. Jrd, Chem. Met. & Min. Soc. of South 
Africa, 15 (February, 1915), 190. 

* S. E. T. Ewing, C. R. Davis and J. L. Willey: Recent Developments in the Fine 
Grinding and Treatment of Witwatersrand Ores. Trans. (1925) 71, 983. 
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out by the staff of the Geduld mill. The figures used were the best ever 
obtained under these conditions and are those that have been used for all 
comparisons made with tube mills grinding in closed circuit with mechani- 
cal classifiers. For general information, the average results obtained 
are given. 

The relative capacity of a tube mill 6 ft. 6 in. by 20 ft. as compared to 
a tube mill 5 ft. 6 in. by 22 ft., working under like conditions, is taken 
in the tests as 1.27: 1. This factor represents the relative volume of the 
two mOls and over a series of years work at the Geduld mill has been 
found to be approximately correct. Approximately the same factor has 
been determined for these two mills at the mill of Springs Mines, Ltd. 

All screen gradings were made 'Vet^' using screens I.M.M., 
Standard, London. 

Tube MiU 5 ft. 6 in. by 22 ft. Tube Mill 6 ft. 6 in. by 20 ft. 


SH££T 


FLOW SHcer 


STAMPS- /AOO/M. -£^00109 



Fig. 1. — Flow sheets for tube mills op different sized grinding in closed 

CIRCUITS WITH CONES. 


Capacity op Tube Mills under Old Conditions 
Corrected to 100 Per Cent. Running Time 


See Sketch Above 

Tons Average • 

See Sketch Above 

Tons Average 

Test 

1923 

1924 

Dec., 

1924 

Teat 

1923 

1924 

Dec , 
1924 

W-90 

140.0 

127.83 

124.65 

113.70 

W- 90 

178.0 

162.2 

168.2 

144.3 

W-200 

109.6 




W-200 

138.6 




S 

191.0 




S 

186.0 




0 

211.0 




0 

226.0 




T 

295. 

260.20 

245.20 

224.30 

T 

375.0® 

331.6 

312.0 

285.5 

Grading owrfiow 





Grading averfiow 





+09, per cent. . . 


10.48 

6.21 

7.00 

+90, per oent . . 


10.48 

6.21 

7.00 

—200 per oent... 


69 to 70 

71.00 

78.50 

—200, per oent.. 


69 to 70 

71.00 

73.50 


• CmlouUted from toreea aiuJyais. 
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Tube Mill 6 ft. 6 in. by 20 ft. 

Classifier, type DSD, 8 ft. by 18 ft. 4 
in., set at slope of 2)4 in. in 12 in. Recipro- 
cating rake speed, test A, 15 s. p. m. Test 
21 s. p. m. 

Finished product desired, 90-mesh separ- 
ation (not over 2 to 3 per cent. + 90 
mesh). 


/ZOM' 9HC£T 


to- IMOOIS 9TAt>tP 



Fig. 2. — Flow sheet op mill grind- 
ing IN CLOSED CIRCUIT WITH STRAIGHT 

TYPE Dorr classifier. 


Capacity op Tube Mill in Closed Circuit with Straight Type Dorr Classifier 


See Sketch Above | 

Test A 1 

Test B 

Tons 

H»0, 

Per 

Cent. 

Grading 

Tons 

H»0. 

1 Per 
Cent. 

Grading 

+90, 

Per 

Cent. 

-200, 

Per 

Cent. 

+90, 

Per 

Cent. 

-200, 

Per 

Cent. 

Leave stamps 8 

200.0 

74.0 

82.7 

11.0® 

208.0 

77.2 

82.7 

11.0 

Leave tube mill T 

080.0 

27.0 

50.0 


746.0 

28.7 

51.7 


Enter classifier I 

1,007.0 

58 5 

48.6 


775.0 

62.7 

49.8 


Classifier overflow 0 

240.0 

82.4 

2.0 

77.7 

248.0 

83.0 

2.0 

73.1 

Classifier underflow U 

767.0 

18.0 

63 3 


527.0 

18.0 

72 6 


90>mesh by mill W-90 

200.0 




207.0 




ZOO-mesh by mill W~200 

164.5 




158.4 




Classifier efficiency,* per cent 


44.6 



61 

.6 


Circulating load (lOOT/O), per cent 


408.0 



301.0 



Not taken regularly during test but approximately correct. 

^ Newton formula (sometimes called i. o. u. formula. H. A. White: Classification Efficiency. 
Jnl. Chem. Met. A Mm, Soc. of South Africa. February, 1925). 


F = iiZL®! ~ 

(z — i^) {u — o) 

Where: E is eflSciency; i, fraction of oversize in inflow to classifier; 
0, fraction of oversize in overflow from classifier; w, fraction of oversize 
in underflow from classifier. Fraction of oversize used is the accumulated 
fraction of oversize at mesh of separation desired. 


VOL. LXXIII. — 16. 
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FLOW OH£ET 

fS-MIOOLS- stamps 



Fig. 3. — Flow sheet op mill grind- 
ing IN CLOSED CIRCUIT WITH DORR BOWL 
CLASSIFIER. 


Tube Mill 5 ft. 6 in, by 22 ft. 

Classifier, t 3 rpe DSDB, 6 ft. by 23 ft. 4 
in. by 8 ft. diameter bowl during test C and 
9 ft. diameter bowl during test D. Classifier 
tank set at slope of 2 in. in 12 in. 

Speed op Hakes Test C Test D 
Reciprocating . 20 . 7 s. p. m. 20.7 s. p. m. 
Bowl 7.3r. p. m. 5.5r. p. m. 

Finished product desired. 

Test C, 90-mesh separation. 

Test Df ISO-mesh separation. 


Capacity of Tube Mill in Closed Circuit with Dorr Bowl Classifier 


[See Sketch Above 

Test C, —90 mesh 
Separation 

Test D, —150 mesh 
Separation 

Tons 

HiO, 

Per. 

Cent. 

1 Grading | 

Tons 

HsO. 

Per 

Cent. 

Grading 

+90, 

Per 

Cent. 

-200, 

Per 

Cent. 

+90, 

Per 

Cent. 

-200, 

Per 

Cent. 

Leave stamps 8 

210.0 

73.4 

70.6 

20.0“ 

1 

188.0 

71.0 

70 7 

20.0 

Leave tube mill T 

364.0 

28.6 

33.9 


377.0 

28.0 

33.0 

42.6 

Enter bowl I 

674.0 

69.6 

47.3 


565.0 

59 0 

45 6 

3'> 1 

Bowl overflow 0 

230.0 

81.0 

2.0 

78.2 

200.0 

82.2 

1.0 

88.7 

Classifier underflow U 

344.0 

18.0 

77.5 


365.0 

19.0 

70.0 

5.7 

QO-mesh by mill W-QO 

163.4 




143 0 




200-mesh by mill W-200 

137.9 




139.8 




Class. Efficiency E, per cent 


73 

.0 


1 64.1 at 90 mesh; 83.1 at 







200 mesh 


Circulating load lOOT/0, pep cent 


158.0 



182 

.6 



® Not taken during test (7, but same battery screen in.) as during test D. 


Fig. 2 shows the tests with straight type Dorr classifier and Fig. 3 
those with the Dorr bowl classifier. Table 1 compares the results from 
the three types of classification tested. 


Table 1. — Comparison of Capacity of Tube Mills in Closed Circuit with 
ConeSy Straight-type Dorr Classifiers and Dorr Bowl Classifier 


Data Taken From Above Tests at 90-mesh Grinding. Standard Tube Mill 5 Ft. 6 In. 

by 22 Ft. 


Cones 

Straight classifier 
Bowl classifier. . . 


Rblatiye Epfioiekct 
Tons Made bt Based on 

Mills 90>mbsh 200-ifBSH 


90-mbsh 

200-11 ESH 

Per Cent. 

140.0 

109.5 

100 

100 

160.3“ 

127.1“ 

115 

116 

163.4 

137.9 

117 

126 


• Results obtained from tests A and B; tube mill 6 ft. 6 in. by 20 ft. divided by 
1.27 to obtain relative results so as to compare with those obtained from tube mill 
5 ft. 6 in. by 22 ft. 
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At the conclusion of the tests, all factors considered, it was thought 
conservative to rate the relative efficiency of a tube mill grinding in closed 
circuit with the various systems of classification, as under Geduld con- 
ditions and at 90-mesh grinding, as given below. 

Per 

Cent. 


Cones 100 

Straight type Dorr classifier 117 

Bowl type Dorr classifier 125 


Straight Type Dorr Classifiers at Geduld Mill 

On completion of the tests discussed, seven Dorr classifiers, straight 
type, were installed in the new section of the Geduld mill. Available 
floor space and local conditions unfortunately eliminated the possibility 
of installing bowl classifiers. The machines installed were 8 ft. wide by 
18 ft. 4 in. long, set at a slope of 2}^i in. in 12 in. and arranged for driving 
at three speeds, 18, 21, and 25 s. p. m. respectively. The object of the 
three speeds was chiefly to provide for coarser grinding should the com- 
pany desire to mill a greater tonnage. Coarser grinding would result 
in higher final residues. Since operation started 18 s. p. m. has been found 
the most satisfactory speed. Change in the grade of overflow, if desired, 
is made by a control of the moisture within the classifier. 


Forty 2,200-lb. stamps. 

Old cones used to dewater stamp prod- 
uct. Product from any battery can flow 
by gravity to any one of three cones. 

Seven tube mills, 6 ft. 6 in. by 20 ft. in 
closed circuit with seven Dorr classifiers, 
type DSD, 8 ft. by 18 ft. 4 in. Classifiers 
on floor directly over mills. Classifier 
underflow can flow by gravity to any one 
of three tube mills. 

Tube mill discharges flow by gravity 
to central pumping station, elevated and 
distributed to the seven classifiers, as 
under old installation with cones. 



Fig. 4. — Flow sheet of installation 
AT THE Geduld mill. 


Fig. 4 shows the flow sheet of the Geduld installation. It is not as it 
might be arranged for a new plant, but has been made to suit the local 
conditions. The installation, which took advantage of equipment already 
installed, offers a great flexibility in control and has proved very satis- 
factory. The underflow from a classifier can feed any one of three tube 
mills; a classifier going out of service does not 'Hie-up^' a tube mill; nor 
in turn does a mill out of order necessarily shut down a classifier. 
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The classifier installation at the Geduld mill was completed during 
July, 1925. The first full month’s operation (August, 1926) showed a 
net gain from the section of 5,000 tons, and at the same time an improved 
grading in the finished product of about 2 per cent, in the minus OO-mesh 
and 4 per cent, in the minus 200-mesh, with corresponding reduction 
in the final residues. The power to drive the tube mills remained 
practically constant at 207 hp., average for each of the seven mills. 

To compare the August results with those of the best work heretofore 
obtained under the old conditions, the tonnage of minus 200-mesh 
material produced by the section was increased 18 per cent., a figure 
which practically checks that expected as a result of the tests. As the 
operators become better acquainted with the new conditions, the work 
of the tube mills should be further improved. 

Because of the increased circulating load in the tube mills and the 
ability to maintain a continuous full feed to the mills under the new con- 
ditions, the consumption of tube-mill rock has decreased about 25 per 
cent. This condition caused considerable trouble at the initial operation 
of the altered section, as the operators insisted on feeding tube-mill rock 
as under the old conditions. Enough tube-mill rock has always been 
hard to get in the Far Eastern section of the Witwatersrand so that a 
reduction in the quantity required is welcomed. 

Importance op Quality op Feed 

The work at the Geduld mill demonstrated the importance of 
'' quality” of feed sent to a tube mill as well as quantity.” The impor- 
tance of quality of feed in tube and ball milling was pointed out by A. L. 
Blomfield in his discussion of E. W. Davis’ paper^ on ^^Fine Crushing in 
Ball Mills,” but it has been the writer’s experience that few mill men 
have taken advantage of Mr. Blomfield’s remarks. If attention were 
paid to the gradings of the classifier underflows with a few test runs at 
different speeds of classifier rakes, the capacity of a good proportion 
of the tube and ball mills in the average plant could be increased. 

The 5 ft. 6 in. by 22 ft. tube mill used in conjunction with the bowl 
classifier was of old design. The end of this mill had no end screen or 
auxiliary lifting scoops to assist the discharge by raising this material to 
the discharge trunnion. The maximum amount of ore that could be 
fed to the mill was at the approximate rate of 450 tons per diem. Owing 
to the variations in rate of product from the stamps, the safe working 
average feed could not be maintained much over that sent to this mill 
during test C (364 tons per 24 hrs.). With a smaller circulating load, 
the tube mill with the bowl classifier gave better results than the mill 
in closed circuit with the straight type. The difference was due entirely 
to quality of feed. 

* E. W. Davis: Fine Crushing in Ball Mills. Tram, (1919) 91f 251. 
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Table 2. — Summary Showing Quality of Feed to Tube Mills during Tests 


Test 

Classifier Gradings 

Underflow 

Overflow 

+90, 

Per Cent. 

-200, 

Per Cent. 

+90, 

Per Cent. 

-200, 

Per Cent. 

A Straight type 

63.3 


2.00 1 

77.7 

B Straight type 

72.6 


2.00 

73.1 

C Bowl type 

77.5 


2.00 

78.2 

D Bowl t 3 rpe 

70.0 

5.7 

1.00 

88.7 


To illustrate the significance of quality of feed, assume the underflow 
of the machine in test C to be that obtained in test A, The feed to clas- 
sifier and the overflow products were practically the same in both tests. 
Given the tonnage of overflow and gradings to and from the classifler, 
the tonnage of the underflow may be found.* 


Conditions 

Grading feed entering bowl i 

Grading bowl overflow o 

Grading class, underflow (w) 

Tonnage overflow 0 

Tonnage tube mill rock added TR 
Tonnage classifier underflow U : 


47 . 3 per cent. 
2 . 0 per cent. 

63 . 3 per cent. 
230 

20 


+ 90 mesh test C 
+ 90 mesh test C 
+ 90 mesh test A 
test C 
test C 


,, 230(47.3 -2.0) ,,, , 

^ ~ (u-o)~ 63.3 - 47.3 

Tonnage fed to tube mill would have been TR U = 671 tons. 


The finer feed to the tube mill would have given a discharge from the 
mill containing a greater percentage of minus 90-mesh material and a 
corresponding finer feed to the classifier. The finer feed to the classifier, 
however, would have resulted in a greater percentage of minus 90-mesh 
material in the classifier underflow. 

Had the straight type of classifier been substituted for the bowl and 
operated as under conditions of test A, the tests indicate the following 
results would have been obtained: 

* Standard classification formulae: 

TT ~ Q) tt ^ iv" . = 

(u — i) ' {u — o)^ (w — o) 

Where /, 0 and U equal the tonnage of input, overflow and underflow, respectively, 
and if o and u the fraction (or percentage here) plus material at any given mesh, 
classifier input, overfiow and underflow. 
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From stamps 

Tube-mill rock added 

Classifier underflow 

Tube-mill discharge 

Classifier feed 

Classifier overflow 

Classifier efficiency, 57.5 per cent. 
Minus 90-mesh material made by mill 


Tons 

Gbadxnob 
OVU t 90-1IB8H, 
Pbr Cbnt. 

.... 195 

70.5 

.... 20 

100.0 

... 344 

60.0 

.... 364 

20.2 

.... 559 

37.7 

.... 215 

2.0 

.... 153 



A study of tests A and B will show the relative importance of quality 
of tube-mill feed. During the second test, the tonnage of minus 90- 
mesh material produced was greater with a decrease in circulating ton- 
nage within the mill amounting to 234 tons per diem. The 6 ft. 6 in. 
by 20 ft. tube mill was of recent design, equipped with end screen and 
auxiliary lifting scoops at the discharge end. The mill apparently 
handled a feed of 1,000 tons per diem satisfactorily. Had it not been 
for the failure of our pump to handle a higher circulating load during test 
B, there is little question but that the efficiency of the mill could have 
been increased during this test by maintaining the first tonnage of feed 
to the mill. 

Classifier Speed 


The possibilities of increasing classifier and tube-mill efficiencies by 
changing the speed of rakes on a classifier has been mentioned in a 
previous paragraph. The proper speed for any classifier at a given plant 
can only be determined by trial. For average conditions, definite speeds 
have been recommended for given mesh separations, but certain local 
conditions such as character of pulp, moisture in overflow and tonnage 
handled in a given classifier often call for a change. A quick-settling 
ore pulp such as that found on the Witwatersrand where a pulp contains 
practically no real "'slime,'' requires a higher speed of classifier rakes for a 
given mesh separation than the viscous "slimy" pulps generally found in 
the cyanide plants throughout Mexico. The tendency in recent years 
has been to increase the speed of bowl rakes considerably over that 
recommended in some of the earlier installations. Speeds of 4, 6, 8 
and even higher r. p. m., depending on diameter of bowls and separation 
desired, are not uncommon. 

Table 3 shows the results obtained by changing speed of classifiers 
at Springs Mines, Ltd., Transvaal, South Africa. Two type DSDB bowl 
classifiers were used with tanks 6 ft. wide by 26 ft. 8 in. long by 16 ft. diam- 
eter. The classifiers made a “sand-slime" separation for sand leaching 
and slime treatment. A "slime" was desired containing about 88 to 90 
per cent, minus 200-mesh material and a "sand" with a minimum amount 
of minus 200-mesh product. 
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Table 3. — Results from Changing Speed of Classifiers 



Daily Tonnage 
Each Claeeifier 

Gradings, Accumulative Per Cent. 


Tone 

Percent- 
age j 

+00 

+90 

+200 

-200 

Period A 

Reciprocating rakes 12 s. p. m. 
Bowl rakes 1.6 r. p. m. 

Enter bowl 

800 

1 

100.00 

0.26 

10.68 

38.10 

61.9 

Bowl overflow (slimes) 

454 

56.70 


0.70 

8.60 

91.4 

Classifier underflow (sands) . . 

346 

43.30 

0.50 

19.40 

76.80 

23.2 

Period B 

Reciprocating rakes 17 s. p. m. 
Bowl rakes 4 r. p. m. 

Enter bowl 

1 

679.2 

100.00 

0.26 

11.40 

37.12 

62.88 

Bowl overflow (slimes) 

461.7 

68.00 


0.60 

12.40 

87.60 

Classifier underflow (sands) . . 

217.5 

1 32.00 

1 

0.80 

34.30 

89.60 

10.40'* 


Practically all sulfides. 


Practice in the Witwatersrand 

The ore from the Witwatersrand, apart from that in the Far East 
section, yields a satisfactory recovery by means of corduroy tables and 
cyanidation when crushed to grade about 5 to 10 per cent, plus 60 mesh 
with a corresponding total of 75 to 80 per cent, minus 90 mesh. To obtain 
this comparatively coarse product, Caldecott cones are used exclusively 
for the classification in closed circuit with tube mills. By the use of one or 
more so-called ^'safety” cones, following the primary cone at the head of 
the tube mill, a good feed is obtained for the latter. The quality of feed 
to the tube mills, in plants working throughout this older section of the 
reef, is reflected in a unit production of minus 90-mesh material for a 
‘ 'standard tube mill 5 ft, 6 in. by 22 ft., amounting sometimes to more 
than 160 tons. (City Deep, Ltd.) 

A substitution of mechanical classifiers for cones, throughout the older 
sections of the reef where comparatively coarse grinding is done, would 
undoubtedly increase the grinding efficiency of the tube mills. The 
amoimt of this increase in efficiency for their conditions could only be 
determined by trial. The mechanical classifiers should give a better feed 
to the tube mills than that now obtained by use of cones, and at the same 
time allow for a greater circulating load within the mills without loss of 
classification efficiency. The failure of a cone to handle a high circulating 
load without loss in classification efficiency is one of its limiting features. 
Savings in pumping charges alone would go a long way towards paying 
for a change from cones to mechanical classifiers. 
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With the exception of several mills in the Far East, “sands’’ and 
“ slimes ” are treated separately by cyanidation throughout the Wit waters- 
rand. The practice has been to separate the sands and slimes by 
the use of cones usually assisted by a further recovery of slimes from 
the sand collectors. The sands after draining, are transferred to treat- 
ment tanks. (New Modderfontein also Simmer & Jack collect and treat 
sands in same tanks.) 

Bowl Classifiebs at the Springs Mines Mill 

In the summer of 1925, two Dorr bowl classifiers were installed in the 
old section of the mill of Springs Mines, Ltd. (new section is “ all sliming ”) 
to make a “sands-slimes” separation. The classifier underflow is sluiced 
direct to sand-treatment tanks with cyanide solution, the bowl overflow 
goes by gravity to the slime collectors. Sand collectors, with correspond- 
ing sand transfer, are eliminated. Table 4 gives a summary of the 
results obtained. 


Table 4. — Summary of Classification, Sand-slime Separation 


Cone classification, Jan.-June, incl.. 

Gbadincw, 

+60 

, 1925 

AcCnMULATIVB, 

+90 + 200 

Per 

Cent. 

-200 

Enter cones 


0.30 

7.60 

33.90 

66.10 

Sands (sent to treatment tanks) . , 


1.10 

20.90 

81.50 

18.50 

Slimes 

Dorr bowl classification, average Aug. and Sept., 1925 


0.40 

9.20 

90.80 

Enter bowls 


0.26 

10.68 

38.10 

61.90® 

Classifier underflow (sands) 


0.80 

31.60 

89.50 

10.50 

Bowl overflow (slimes) 

® Calculated. 


0.50 

13.10 

86.90 


Size, type and average tonnages handled by these classifiers have been 
previously mentioned. 

The tendency of all types of classifiers, in closed-circuit grinding, to 
retain the coarse gold and heavy sulfides within the circuit until they 
are ground extremely fine has been known for years. The extent to 
which the gold was accumulated within circuit of the bowl classifier and 
tube mill is shown by the analysis of a sample taken during test D at the 
Geduld mill. 


Classifier Underflow, Test D 


Gradinq 

Per Cent. • 
Totai. 

Assay Value, 

Dwts. 

•+ 90 

72. (K) 

8.75 

- 90 +200 

22.80 

23.75 

-200 

5.20 

69.60 


100.00 

15.32 (Calculated) 
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Value of original ore from stamps, approximately 7.00 dwts. Approx- 
imately 42 per cent, of the product in the classifier underflow came 
direct from the stamps (See Fig. 3). 

Possible Use of Bowl Classifiers 

The possibilities of using the bowl type of classifier as a concentrator 
are being seriously considered on the Witwatersrand. The proposal is to 
pass 1,000 to 2,000 tons through a single bowl classifier, depending on size 
of units used, and to remove as an underflow approximately 10 per cent, 
of the original tonnage. The value per ton of the classifier underflow 
undoubtedly would be several times that of the original. A special 
independent grinding unit to insure the grinding of this small portion of 
ore to an extremely fine state should give a better average final residue. 

A change from single- to multiple-stage grinding at the McIntyre mill, 
Canada, without increase in number of grinding units carries out very 
much the same idea as that suggested for the Witwatersrand. Bowl 
classifiers are used in the second stage at the McIntyre mill, and it is 
understood that their final residues have been lowered considerably. 

Acknowledgment 

The writer is indebted to Messrs. White and Willey for the data given 
covering the classification work done at Geduld and Springs. 

DISCUSSION 

G. H. Clevenger, Boston, Mass. — Fortunately with proper classifi- 
cation the required degree of concentration can be obtained, but some- 
times the part of the ore requiring finest grinding does not always get it. 
In grinding for the cyanide process, it is usually desirable to grind the 
heavy or concentrate part of the ore as fine as possible without wasting 
energy in unnecessary grinding of the gangue. This situation is met, to 
a certain degree, by the cone or mechanical classifier. In grinding for 
concentration, the gangue should be ground to whatever degree is neces- 
sary to free the mineral, but once the mineral is freed it should be broken 
as little as possible. Strict observance of this rule is less necessary 
perhaps with flotation but it is still rather important. Only by stage 
grinding and successive classification can this condition be approximated. 

C. P. McCormack, Cleveland, O. — If the gangue is of material that 
tends to ball up the classifier, how would you handle that condition? 

B. R. Bates. — I do not know as I have ever met that in ordinary 
gold and silver work; I have never been troubled with any accumulation 
and balling up on the balls, although it does take place in clay washing. 
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G. H. Clevenger. — Is this a case where the clay balls are not broken 
up or one where they are but there is so much clay that part passes over 
with the coarse part of the ore? 

C. P. McCormack. — It is a divided condition between the action 
of the links; it becomes balled in the classifier, then gums up the tube 
mill. 

B. R. Bates. — I admit that I have never run into that in any metal- 
lurgical work. 

G. H. Clevenger. — In general, with ores that are finely ground, the 
clay is broken up and has little tendency to come together to form 
masses that might cause difficulty in classification. Clay balls, when no 
provision is made to break them up, have at times caused gold losses 
in dredging operations. 

C. P. McCormack. — I notice it especially in the manganese ores of 
South Russia where they are washed. 

G. H. Clevenger. — That is washing ore rather than grinding, is it 
not? 

C. P. McCormack. — It is held in the classifier without any prelimi- 
nary grinding. 

G. H. Clevenger. — The only remedy for such a condition is to pro- 
vide means to break up and distintegrate the clay masses so that the 
washer or classifier can effectively remove them. 

B. R. Bates. — All types of classifiers in general use in metallurgical 
plants tend to retain the heavier material in the grinding circuit. No 
tests were made at Geduld to determine the relative merits of the various 
classifiers to retain the heavier material in the closed grinding circuit. 

The importance in retaining the heavier part of the ore in the grinding 
circuit is brought out in a paper by Messrs. Wartenweiler and Graham, 
Bulletin of the Institution of Mining and Metallurgy, 1924, No. 239. 
The authors determined that on the Witwatersrand it was necessary to 
grind all the gold to— 260 mesh so that it might be dissolved in a short 
agitation of about 8 hours. 

C. E. Locke, Cambridge, Mass. — ^Have their investigations given any 
definite ratio between the quartz gangue, the pyrite and the gold ore? 

B. R. Bates. — We did not attempt to make such tests. That has 
been carried on extensively in connection with the work on hydraulic 
classifiers. Taking into consideration the agitation going on in the 
classifier and the specific gravity of the pulp used, I can see no reason 
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why the law determined under hydraulic conditions would not be the 
same. 

J. A. Baker, Newfield, N. J. — Perhaps the question raised by Prof. 
Taggart would be answered by the results obtained at McIntyre. By 
using two closed sections, they have built up the concentrated pyrite in 
the subsequent ore to 15 per cent., whereas the pyrite in the original ore 
is from 3 to 4 per cent. 

A. F. Taggart, New York, N. Y. — How much finer is the pyrite and 
what is its maximum size? 

J. A. Baker. — It is substantially finer than the quartz. 

A. M. Gaudin, New York, N. Y. — I noticed in Mr. Bates paper that 
in one instance the efficiency is given as 64 per cent, at 90 mesh and 83 
per cent, at 200 mesh. It has been our experience at Columbia that 
classifier efficiencies are not the same when rated on different sizes as a 
basis. In fact, they do not always turn out to be positive efficiencies. 
Should not such efficiency have the same value no matter what size was 
used as a basis? 

B. R. Bates. — That point was merely in using the formula as stated; 
if you were working for 200 mesh, you could figure the efficiency on that 
basis; or if you were trying to get 90-mesh material, the efficiency should 
be based on 90-mesh separation. 

A. M. Gaudin. — Should it not be the same? 

B. R. Bates. — No. If you were trying to get 200-mesh material and 
had certain results, your efficiency would be a certain sum, based upon 
your ability to produce 200-mesh material; but if you were working for a 
90-mesh material, the efficiency would be based upon the amount of 
90-mesh material resulting, plus or minus. 

A. B. Parsons, New York, N. Y. — The difference between the scien- 
tific and the commercial mind, perhaps. 

B. R. Bates. — No. The point is that if you are aiming for a 200-mesh 
overflow, 80 per cent, efficiency would be one figure. But if you were 
trying to get 100-mesh material, then the result based on 100 mesh 
would be different from that on 200 mesh. If you were trying to get 
200-mesh overflow and you had 100 per cent. —200 in the overflow and 
no —200 in the sand return, you would have 100 per cent, efficiency. 
But if you were trying to get 100-mesh overflow and got 100 per cent. 
— 200 mesh in the overflow, you would be doing a poor job; it certainly 
would not be 100 per cent, efficiency at 90-mesh separation. 
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A. M. Gaudin. — It was my impression that the efficiency of a certain 
classifier operation should be the same no matter on what screen the 
computation of efficiency is based. 

B. R. Bates. — If you were trying to get 100-mesh overflow and you 
got all 200-mesh overflow and no —200 mesh in your sands, it would be 
100 per cent, efficient at 200 mesh but would not necessarily be 100 per 
cent, efficient at 100 mesh. 

The formula for classification efficiency, mentioned here, has been 
used in the Southwestern copper district. 
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An Investigation of Crushing Phenomena 

Bt a. M, Gatoin,* New York, N. Y. 

(New York Meeting, February, 1926) 

The study that is presented here was undertaken in order to condense 
information concerning comminution, and covering a great variety of 
conditions, into one or several rules which would be of use in the develop- 
ment of a systematic theory as well as in many directly practical ways. 
As the result of this work, the following conclusions appear justified : 

1. Rocks may be classified, from the point of view of comminution, 
into two general classes which are (a) structurally homogeneous, and 
(b) structurally heterogenous. Structurally homogeneous rocks are 
those in which fracture takes place through grains and grain boundaries 
alike; heterogeneous rocks are those in which fracture passes in prefer- 
ence through grain boundaries. 

2. If a sized product composed of structurally homogeneous rock 
grains is crushed, a product results in which the relation between the 
percentage weight of grains of various sizes and these sizes themselves 
follows a definite law. This is not true of structurally heterogene- 
ous rocks. 

3. Ball milling with structurally homogeneous rocks, and under 
certain conditions, presents exceptions to this rule. 

4. In ball milling with structurally homogeneous rocks, there exists a 
critical ratio of size of feed to size of balls, above which the machine 
operates essentially by surface wear, and below which it operates essen- 
tially by breaking across the body of the particle. 

5. In ball milling, with structurally homogeneous rocks, and when the 
size of feed grains exceeds the critical size, the particles worn off are of a 
substantially definite size which depends upon the ball size. 

6. In the case of a typical heterogeneous rock, such as Manhattan 
schist, particles are crushed in such a way that there is a greater propor- 
tion of grains of the size that is the average grain-size of the rock than there 
would be in that range of size with a structurally homogeneous rock. 
This has been found to be true with all the crushers tested. 

7. Different methods of crushing produce grains of different shapes. 

8. The importance of sizing the —200-mesh portion of a crushed 
product, in crushing-efficiency investigations, has been greatly under- 


Lecturer in Mining, Columbia University. 
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estimated.^ Without accurate information concerning material of that 
range of size, the usefulness of eflSciency computations is doubtful. 


Homogeneous vs. Heterogeneous Bocks 

Rocks are of different degrees of induration; some are cemented so 
substantially that fracture will take place with equal ease through 
mineral grains or cement; others are so loosely compacted that they 
crumble under slight pressure. The fracture of rocks in which grains 
are interlocking and in which there is little or no cementing of grains, 
such as vein-quartz, is directly across the grains with no respect to grain 
boundaries. The fracture of rocks having weakly bonded grains, such as 
Manhattan schist, goes around the grains, following the grain boundaries. 
It appears possible, on this basis, to classify rocks into two general 
classes: The structurally homogeneous and the structurally heterogeneous. 
Typical examples of these classes, in one case at least, are granite for the 
homogeneous rocks; schist, sandstone or weathered crystalline limestone 
for the heterogeneous rocks. It is fair to assume that all gradations exist 
between typical examples of these classes of rocks. This assumption is 
confirmed by the experiments with Manhattan schist. 

The various crushers tested were the following: Dodge jaw crusher, 
4 by 7 in.; ^^Krom’^ rolls, 10 by 16 in.; batch ball-mill, 8 by 10 in. (rotat- 
ing cylinder); batch rod-mill (same cylinder filled with rods instead of 
balls); and 20-in. continuous-discharge Hardinge ball mill. Especial 
stress was laid on testing the rolls, batch ball-mill and batch rod-mill on 
account of the great flexibility of these machines. 

In investigating a crushed product, to know the shape of the particle 
is useful for qualitative reasoning but size alone furnishes quantitative 
estimation. A complete account of the procedure used in sizing the 
products of the various crushers is given in another paper, ^ which 
details the manipulation, computation and interpretation of sizing tests 
as they were carried out in the present investigation. 

The size curve of a broken product is a graphical representation of 
the sizing test made on that product. It will, of course, depend on the 
material used in the test, the crusher, and the size-curve of the feed to the 
crusher. In order to minimize the number of variables entering, closely 
sized products were fed. 


1 A. O. Gates: Crushing-surface Diagram. Eng, & Min, Jnl, (1913) 96 , 1039; 
Diagram of Crushing Efficiency. A. 1. M. E. Trans, (1917) 66, 685; also Kick vs. 
Rittinger: An Experimental Investigation in Rock Crushing Performed at Purdue 
University. Trans, (1916) 62 , 876. 

* A. M. Gaudin: Sizing Analyses and Their Interpretation. In manuscript. 
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In representing graphically the sizing tests of broken products, two 
plots have been used: The semilogarithmic plot in which the percentage 
of material retained by a screen and passing the next larger screen (in a 
Tyler standard series) is plotted against the logarithm of the screen 
aperture; and the logarithmic plot in which the logarithm of the percent- 
age of material retained is plotted against the logarithm of the screen 
aperture. A convenient base for screen-aperture logarithms is the 
screen-aperture ratio, and a convenient base for the percentage logarithms 
is 10. It is thus seen that the scales used for the aperture and percent- 
age coordinates in the logarithmic plot are not the same unless the 
paper is ruled so as to make them identical. 

The first difficulty encountered in an investigation of comminution 
is that a sizing operation is generally associated with a breaking opera- 
tion, so that the results observed involve both. For instance, a positive 
sizing action is exerted by the jaws of a crusher or the concaves and head 
of a gyratory, even if the maximum size of particle that goes through 
the crusher varies with the position of the crushing parts. A positive 
sizing action is exerted as well in a Braun disk pulverizer, a Symons disk 
crusher or crushing rolls. In stamp-mills there are three sizing actions: 
First, a nonpositive sizing action as the stamp comes down on the shoe, 
since large grains of rock will protect small grains from being crushed 
as long as they themselves are not reduced to a smaller size ; secondly, the 
nonpositive sizing action of the water; thirdly, the positive sizing action 
of the discharge screens. In rod mills, large pieces protect small pieces 
by keeping the rods apart. This is nonpositive sizing, but, curiously 
enough, appears as efficient as many positive sizing actions. In ordinary 
dry ball or pebble mills, there is no true sizing action, but other elements 
enter to complicate the problem. 

HOMOGENEOUS ROCKS 
Crushing Rolls 

The typical size-curve (semilogarithmic plot), obtained with crushing 
rolls fed with quartz coarser than the set of the rolls, is shown in Fig. 1. 
It is characterized by a maximum M and two inflection points Ti and 7^2. 
The corresponding semilogarithmic cumulative plot (Fig. 2) is well 
known. Neither of these curves is geometrically simple. On the 
other hand, the logarithmic plot is a straight line in the fine range, and a 
paraboloid loop in the coarse range (Fig. 3). Figs. 4 to 10 record the 
results of a number of tests. Within the range of the straight line BC, 
the relation between the percentage of material y, and screen aperture x, 
is, of course: 

log y = k log X + log C or (1) 

( 2 ) 
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where C is a constant and k the slope of line BC. It appears inunediately 
that the value of A; is of prime importance. For instance, material having 



M 



Fig. 3. — Size-curves of roll products. 



Fig. 4. — Feed, quartz through 18.85 mm. and on 13.33 mm., one-step crushing 
to 5.613 MM. IN CRUSHING ROLLS. 

a large value for k, that is a steep BC line, will contain less fines than a 
material having a flat BC or small value for fc. 
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The results of several tests indicate that for a certain set of the rolls, 
k decreases with increase in the ratio of size of feed to set of rolls, that is, 



Fig, 5. — Feed, quartz Tiiuou(nr and on 2G.G mm. crusher in rolls set at 

5.G13 MM. 

when a large reduction-ratio is adopted, more fine material results (Fig. 
11). This is in line with the accepted contention that “stage crushing” 



Fig. 6. — Feed, quartz through 2 in. and on 1^2 crushed in rolls set at 

5.613 MM. 

makes less fine material than crushing that involves a large reduction in 
size in one stage. To obtain further information in this line, two tests 

VOL. LXX III. — 17. 
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were performed (Figs. 4 and 10) on quartz + 13.3 — 18.8 mm., the rock 
being crushed with the rolls set at 5.6 mm. in one case and at 13.3, then 



Fig. 7. — Feed, Stony Creek granite, through 22.43 mm. and on 18.85 mm., crushed 
IN ROLLS SET AT 5.613 MM. 


11.20, 9.33, 7.92, 6.68 and 5.61 mm. in the other case. The percentages 
of —100-mesh material obtained were 1.76 and 1.36 respectively — which 



Fig. 8. — Feed, galena through 9.423 mm. and on 6.680 mm., crushed in rolls set 

AT 5.613 MM. 

seemingly supports the contention that stage crushing produces less 
fine material. 
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In crushing quartz, a feed made up of flat grains gives a smaller value 
for k than one made up of roughly equidimensional grains. Using, as 



Fig. 9. — Feed, galena through 13.3 mm. and on 9.423 mm., crushed in rolls set 

AT 5.613 MM. 

feed, grains that stay on an 18.85-mm. Tyler screen and pass through a 
22.43-mm. screen, but had smallest dimension of 5 to 14 mm. and 18 to 



Fig. 10. — Feed, quartz through 18.85 mm. and on 13.33 mm. crushed in steps in 

ROLLS SET AT 5.613 MM. 

23 mm. respectively, the values of k were 0.82 and 0.90, respectivley a 
material difference. 
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The most striking fact disclosed by these tests, however, is the great 
variations in A; for materials of different characteristics under othe wise 
similar conditions. Fig. 11 indicates, in spite of the paucity of data con- 
cerning galena, that the softer galena yields much more fine material than 
the harder quartz under similar reduction-ratios. 

The shape of grains made by crushing quartz in rolls varies with the 
size of the grains (see Figs. 12, 13, 14, 15, 16, 17); the coarsest grains — 
those that would stay on a screen having an aperture greater than the set 
of the rolls — are distinctly flat; the middle-range grains, which correspond 
to sizes presenting the greatest frequency (apex of curved section in 
logarithmic plot) are of a more or less equidimensional character, roughly 
tetrahedral fragments being common. The fihe-range grains (corre- 
sponding to the straight-line portion in the logarithmic plot) are generally 



Ratio of Size of Feed Set of Rolls 

,, T- Size OF FEED ^ ^ 

I^G. 11. — I\ vs. ; Set of rolls is 5.613 mm. 

Set of rolls 

rather elongate with acicular forms frequent. The difference in shape 
between the grains of the coarse range and the middle range can be 
ascribed to the combination of the sorting actions of the screens and the 
rolls, which are different : Rolls size in the same fashion as a grizzly and the 
determining particle dimension is the minimum dimension; square-mesh 
testing sieves sort, primarily, on the intermediate dimension of the 
particle, hence the testing sieves make a further size distinction imposed 
upon that made by the rolls. This results in placing in the coarsest 
testing-sieve sizes the large, flat particles and in the intermediate sizes 
the particles of the same thickness but of lesser width. A combination of 
similar sorting actions cannot, however, explain the difference in shape 
between the middle-range grains and the fine-range grains, because of the 
much greater range in size involved. Concurrently a difference appears 
in the size-curve, indicating the possibility that a different crushing 
action controls the formation of the coarse and of the fine grains. ^ 

Professor Haultain^s slow-motion moving pictures indicate that 
cubical blocks break in rolls in two ways : Firstly, by transversal cracks 
through the blocks going from roll to roll and yielding more or less 
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Frc. 12. — On 9.428 mm. Fig. 13. — On 4.699 mm. 




Fig. 16.-— On 0.295 mm. Fig. 17. — On 0.074 mm. 
Roll-crushing products (quartz). 
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tabular slabs; secondly, by radiating cracks from contact points at the 
roll faces, the two processes appearing as indicated in Fig. 18. Transverse 
cracks appear first and the radiating cracks later. From observation of 
the pictures, proportions of grains made by the two crushing actions 
appeared to be of the order of 80 and 20 per cent., respectively. 
This corresponds fairly well with the proportions of grains that 



Fig. 18.- -Sketch showing how cubes of homogeneous material break 
WHEN crushed IN ROLLS. 

follow, respectively, the paraboloid and straight-line portions of the 
logarithmic plots of roll-product screen analyses. Assuming that the 
order of appearance of transverse and radiating cracks is independent of 
the reduction ratio, then the smaller the reduction ratio, the greater the 
percentage of breaking that is done by the method of transverse cracks, 



Screen Aperture, mesh 


Fig. 19. — Taken from Prof. Haultain's data: Engineering Research Bulletin, 
No. 4. Univ. of Toronto, p. 155. 

and, therefore, the smaller the proportion of fine material that should 
be expected. This accords with the conclusion that stepped crushing 
produces a minimum amount of fine material. 

The shape of the curved portion of the size-curve is, in a certain 
measure, dependent on the pressure exerted by the roll springs; it is 
customary to look upon the set of crushing rolls as being a fixed quantity. 
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but watching idle rolls to which a fairly large piece of hard material is fed 
will convince that there is considerable ^^give^^ on the part of the springs, 
with J ordinary spring tension. With rolls set close, any “give^^ is 
infinitely large compared to the set. Mathematical reasoning is, there- 
fore, that decreasing the size of feed and the set of rolls will mean a propor- 
tionately larger “give” on the part of the rolls, hence greater variation 
in the dimension of the largest piece that can go through the rolls. 
Accordingly, with finer feed one should expect the curved portion of the 
logarithmic plot of the screen analysis to be flatter than with coarse 
feed. Another factor that tends toward the same result is the presence 
of irregularities in the roll faces. That facts are as described is shown 
by Fig. 19 which is drawn from Professor Haultain’s data, plotted on 
Fig. 20 with lines of best fit. 



Fig. 20. — Prof. Haultain’s data, redrawn from Fig. 19. 

The conclusion that rolls crush by breaking through the particle, 
as contrasted with surface wear, is supported by Professor Haultain's 
moving pictures, as well as by the shape of roll-product grains, which 
by their angularity make surface wear a highly improbable source 
of manufacture. 

Jaw Crusher 

The logarithmic plots of the screen analyses of jaw-crusher products 
on homogeneous feed are similar to the plots for crushing rolls, in that 
they present a curved-line and a straight-line portion. Fig. 21 shows the 
results obtained with a Dodge breaker on Stony Creek granite. The. 
similarity in the plot of the screen analysis of the product of this crusher 
and the corresponding plot for roll-crushing justifies the conclusion 
that the action of a jaw crusher is substantially the same as that of 
crushing rolls. 
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There are, however, some differences in the performance of these 
crushers, as indicated by the variation in the steepness of the straight-line 
portion and the curvature of the curved section of the logarithmic plots 
of the screen analyses of the products. The Dodge product has a very 
sharply closed curved section, indicating that the sizing action of the 
jaws is very efficient. One would naturally expect such a result from 
a crusher in which the sizing action is positive and does not depend on 
the resilience of a spring. 

The shape of the grains produced is very much like that of the grains 
produced by rolls. With Stony Creek granite as feed, the jaw crusher 
appears to make more fine material than crushing rolls, that is the value 
of k obtained in the case of the jaw crusher is less {k = 0.61 vs. k = 0.71). 

Notwithstanding the fact that, with corrugated jaws, part of the prod- 
uct is broken by beam action, most of the product fed to the crusher 



Fig. 21. — Feed, Stony Cheek granite on 3 in. and through 0 in., crushed in 

Dodge jaw crusher. 

is not of such size as to allow breaking by beam action. Furthermore, 
with plain jaws or with worn, corrugated jaws, the crushing load is 
slowly applied and the particles take it in short column. This is the same 
as in rolls and, therefore, the initial transverse breaks and later radiating 
breaks are similarly to be expected with the resulting similarity in size 
and shape of crushed product. Accordingly, jaw crushers are to be classi- 
fied with rolls as devices that crush by breaking through the particle. 

Grinding in Pebble Mill without Pebbles or Balls^ 

The ground products of jaw crusher and rolls were found to be 
distinctly angular. 


^ This work was done jointly with R. T. Bergman, Joplin, Mo. 
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In nature, both rounded and angular grains are found; rounded 
pebbles are common in streams, under conditions which indicate that 
they have traveled and worn for a comparatively short time only; on 
the other hand, rounded sand grains are rare, even when eons of time, 
apparently, have been allowed for wearing the grains to a subspherical 
shape. An unpublished investigation^ conducted by Dr. J. J. Galloway, 
Assistant Professor of Paleontology, Columbia University, discloses the 
fact that grains of various minerals of the sizes generally referred to, 
as coarse sand (10 to 30 mesh), become more or less rounded when arti- 
ficially allowed to wear. The apparatus used by Dr. Galloway consisted 
of a bottle rotating on its axis, in which a stationary baffle-plate impinged 
on the grains of sand maintained in suspension in water by the turbulent 
fiuid motion. The duration of these tests was from a few hours to several 
hundred hours at a speed such that the rate of travel of the grains was 
about that of sand grains in streams or at beaches; namely, about two 
miles an hour. Dr. Galloway found that soft minerals wear down very 
rapidly. Such are the micas, pyroxene, hornblende, and to a lesser 
extent, the feldspars. (Quartz requires perhaps 100 times as long as mica 
to wear to the same stage of roundness. This would explain the existence 
of large quantities of quartz sand, and the almost total absence of sands 
of the softer minerals, in spite of the abundance of these minerals in 
rocks. Dr. Galloway further finds that: 

1. Finer grains are more difficult to wear than coarse grains. 

2. Fine product-grains are less rounded than coarse product-grains 
obtained simultaneously. 

A series of tests was made with 1000-gm. lots of quartz grains rotated 
in porcelain Abbe mills and allowed to wear each other, in order to verify 
whether Dr. Galloway’s conclusions hold true in ball-milling. The size of 
feed and duration of run were made to vary. With a feed made up of 
angular quartz pebbles (roll product) passing a 22.43-mm. sieve and 
retained by an 18.85-mm. sieve, run for 6 days at 51 r. p. m., the product 
obtained consisted of approximately 88 per cent, round pebbles and 
gravel, no sand and 12 per cent, of slime, all finer than 10 microns 
(1 micron = Mooo millimeter). Screen analysis is given in Table 1. 
With a feed made up of —7.925 + 6.680-mm. quartz, that is, one having 
roughly one-third the diameter of the feed employed in the previously 
described test, 1.5 per cent, of material finer than 10 microns was formed. 
This is only one-eighth of the amount formed in the other test. With a 
feed made up of +2.362 — 2.794-mm. material, that is one having a little 
over one-third the diameter of the preceding, the amount of slime under 
10 microns in diameter is 0.25 per cent.; that is about one-sixth as much 
as in the intermediate-feed test and Jig much as in the coarse-feed test. 


Private communication. 
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Table 1. — Screen Analysis of Quartz Grains Rotated in Porcelain Abbe 
Mills and Allowed to Wear Each Other 

Feed 1000 Grams -22.43 + 18.85-mm. Quartz, Run for 6 Days Without Balls 


Size, 

Analysis, 

Size, 

Analysis, 

Mm. 

Per Cent. 

Mm. 

Per Cent. 

+ 18.85 

58.2 

0.417 

0 0069 

15.65 

21.9 

.208 

.0059 

13.33 

4.28 

.104 

.0069 

9.423 

2 64 

.074 

.0030 

6.680 

.35 

.037 

.045 

.699 

.238 

.0185 

.058 

.327 

.066 

.0092 

098 

.651 

014 

- 0092 

12 0 

.833 

.011 




As the amount of slime produced decreases, so does the roundness of the 
coarser portions; the coarser grains in the run made with the 2.3-2. 7-mm. 
eed show almost no rounding, while those of the run made with 18.8- 



Fig. 22. Fig. 23. Fig. 24. 

Fig. 22. — Quartz on 18.85 mm. Coarsest grade of material obtained from 
FEED ON 18.85 AND THROUGH 22.43 MM. RUN FOR 6 DAYS. WeAR-TESTS PRODUCTS. 

Fig. 23. — Quartz on 6.680 mm. Coarsest grade of material obtained from 
FEED ON 6.680 AND THROUGH 7.925 MM. RUN FOR 6 DAYS. WeAR-TESTS PRODUCTS. 

Fig. 24. — Quartz on 2.362 mm. Coarsest grade of material obtained from 
FEED ON 2.362 AND THROUGH 2,794 MM. RUN FOR 6 DAYS. WeAR-TESTS PRODUCTS. 


22.43 mm. feed show very considerable rounding (see Figs. 22, 23, 24). It 
will be observed that the amount of material worn from the grains varies 
substantially as the square of the diameter of the grains. From these 
observations the following conclusions appear justified, at least as far as 
quartz and other minerals that do not exhibit marked cleavage 
are concerned: 

1. Tumbling of grains produces rounding. 

2. Wear due to tumbling of grains decreases rapidly with decrease in 
grain size, other things being equal. 
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3. The amount of material ground off grains by wear varies substan- 
tially as the square of the grain diameter, and that material is nearly all less 
than 10 microns in diameter. The rate of rounding is affected by the 
roundness of feed grains. This was shown by running 1000-gm. batches 
of — 7.925 + 6.680-mm. quartz for three and six days in Abb4 mills; 3.22 
and 3.56 per cent., respectively, of — 200-mesh material were obtained ; 
this indicates that while the first three days contributed 3.22 per cent, of 
ground product, the next three, which may be considered as having 
started with a partly rounded feed, contributed only 0.34 per cent., or 
one-tenth as much. 

The logarithmic plot of the screen analysis of the product of the six- 
day run made with 1000 gm. of —22.43 +18.85-mm. quartz is given in 
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Fig. 25. — Wear tests in abb£ mill feed, quartz, through 22.43, on 18.85 mm. 
RUN FOR 6 DAYS AT 51 R. P. M. 


Fig. 25. It indicates that after decreasing very rapidly with decreasing 
size, the percentage amount of product corresponding to a given range in 
size increases. In order to prove this further, let the 12 per cent, of 
material less than 10 microns in size be divided equally in as many ranges 
of size corresponding to a size ratio of 2 as can be accommodated between 
10 microns and molecular size (0.5 millimicrons). The range to be 


divided is = 20,000. Hence the number of ranges x that can 

X 

be accommodated in this range is given by 2* = 20,000 or x — 14 
approximately. Then each range would have 1^4 = 0.86 per cent, of 
material, which is about ten times as large as the amount (0.098 per cent.) 
corresponding to the range 0.0092 to 0.0185-mm., and over one hundred 
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times as large as the amount corresponding to the range 0.208 to 0.417- 
mm. It may, therefore, be concluded that the logarithmic plot of the 
sizing analysis, carried beyond the range in which evidence is possible, is 
somewhat as shown in Fig. 25. On this figure are added, for comparison, 
the ranges of size in which screen sizing, water classification and micro- 
scope sizing are possible. 


Rod Mill 

In investigating the performance of a rod mill a great many variables 
enter; the more important are: 1, Speed of mill; 2, rate of feed (duration 
of run in a batch mill); 3, size of feed; 4, size of rods; 5, quantity of feed; 
6, number of rods; 7, size of mill; 8, character of run — intermittent or 
continuous-discharge or closed circuit with a classifier or screen. 

A thorough investigation of these variables would demand a tremen- 
dous number of tests, and considerable equipment. In this investigation, 
all the tests were carried out with a batch mill, consisting of a rotating 
cylinder 8-in. in diameter and 10 in. long, fitted with a screw base and 
cap, set on two rollers, one of which was an idler and the other motor 
driven. The speed of the mill was maintained at 46 r. p. m. The effect 
of varying the speed of the mill was not investigated because it has, 
heretofore, received comparatively more attention than other variables. 

Shape of Size Curves 

The shape of size-curves is given diagrammatically in Figs. 26 and 
27, which are the generalized semilogarithrnic and logarithmic plots. 



Fig. 26 . Fig. 27 . 

Figs. 26 and 27 .- -Size-curves of rod-mill product. 


It is seen that the straight-line characteristic of the logarithmic plot 
in roll and jaw crusher is found again in the fine range. In the coarse 
range the graph becomes a curve with a convexity towards the large 
percentages, to which the straight-line portion is asymptotic. 
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Fig. 32. — On 0.052 mm. Fig 33. — On 0.018 mm. 
Rod-mill products (quartz). 
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Shape of Grains 

In the fine range, grains are of the same shape as the grains of the fine 
range of roll product. In the coarse range, on the other hand, they are 
different; there are no tabular grains and equidimensional grains are 
common. Some of these even present the appearance of regular poly- 
hedra. While there is no rounding whatever, since sharp corners are the 
rule, yet the coarse grains look as if all the projecting parts had been 
chipped off. Figs. 28 to 33, inclusive, show that the fine grains, which 
correspond to the straight-line portion of the logarithmic plot are similar 
in shape to the fine grains corresponding to the straight-line portion of 
the logarithmic plot for roll product, and that the coarse grains 
are different. 


Duration of Run 

Runs made in a batch mill for lengths of time which are related by a 
simple function, give the character of the mill charge at any instant by 
interpolation between the results obtained and indicate the variations 



Fig. 34. — Size-curves of products obtained by crushing; quartz through 
6.680 AND ON 4.699 mm. in a batch rod-mill for different lengths of time. 

in character product of a continuous mill for varying rates of feed. Such 
a series of tests was made with 2500 gm. of —6.680 +4.699-mm. quartz 
as feed, and 16 rods % in. by 10 in. as the grinding medium. The 
lengths of time of the various runs were such that each is double the 
preceding. Fig. 34 shows that as the duration of run increases, the screen- 
analysis graph moves bodily towards the fine range with but little dis- 
tortion in shape, after the excess coarse material present at the start has 
been broken; that is, after some sort of equilibrium condition has been 
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reached. The maximum height of the curve decreases gradually with 
increase in time. 

If it is desired to know what length of time is required to grind a 
certain amount of material of a certain size, so that a given percentage be 



Log.Time- 

Fiq. 35.— Feed, 2500 grams of quartz, on 4.699 mm. and through 6.680 mm., 
GROUND IN HATCH ROD-MILL WITH 16 T^g-IN. RODS WEIGHING 14,000 GRAMS AT 46 R. P. M. 

finer than a given size, a diagram such as Fig. 35, which, in turn, is 
obtained from the data pertaining to Fig. 34; should be constructed. 
Fig. 35 is plotted semilogarithmically; that is, time increases very rapidly 



Fig. 36. — Feed, quartz, 2500 grams through 6 
IN BATCH ROD-MILL WITH 16 — M-IN. BY 10-IN. RODS 


.680 AND ON 4.699 mm ground 
weighing 1,4000 grams at 46 


R. P. M. K vs. LOG time. 


in going from left to right. In spite of this, the various curves, in going 
from 0 to 100 per cent, (through) flatten out, having apparently the 
100 per cent, ordinate as asymptote. Translated m terms of practical 
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use, it means that the last traces of a given size are very difficult to 
eliminate and, for instance, that the time required to grind all through 
48 mesh is much more considerable than that required to grind 98 per 
cent, through 48 mesh. 

The value of k decreases directly with the increase in duration of 
grinding. Fig. 36 shows that k is substantially inversely proportional 
to log. of time. The physical interpretation is that the fine material 
increases not only in proportion but also in fineness, as the run is con- 
tinued. This is, in a way, similar to the increase in fine material that 
occurs in roll-crushing when the reduction ratio increases. 

It is of interest to note that particles up to 6 mm. in diameter can be 
broken by rods substantially four times that diameter, which would 
imply a nip angle of 73}^^°, and a coefficient of friction of 0.86.^ Such a 
coefficient of friction is much larger than the accepted value for the coeffi- 
cient of friction between rock and metal which is given by Peele*"’® as 
0.3 to 0.7. Richards further states that a value near 0.3 is more nearly 
acceptable. It must therefore, be concluded that nipping of grains is 
accomplished by rods when they are not in contact. Assuming a coeffi- 
cient of friction of 0.3, that is a nip angle of 33°, a rock grain of diameter 
rf, rods of diameter 4rf, the distance between rods, x, is 0.8r/, which is almost 
as large as the pieces to be broken themselves. Rod mills are usually 
slow, as compared with ball mills. Their speed is low enough so that 
the rods roll on each other rather than impinge; in fact there must be 
rock grains between the rods in order to allow the grains to be nipped, 
if the usual value for the coefficient of friction between rock and metal is 
accepted. This situation within the mill causes protection against 
crushing of fine grains by coarse grains; hence the well-sized character of 
rod mill product. 

It should be noted that in these tests rods frequently became hope- 
lessly tangled at the start of the test, in which case the test was dis- 
carded, but that when the beginning was successful, the test ran on 
smoothly. The noise made by the mill, which is very rough at the 
beginning of the operation, becomes markedly softer as time progresses. 
The change in the character of the noise is substantially simultaneous 
with attainment of equilibrium condition of mill charge (see Fig. 34). 
These phenomena remain to be explained. 

Number of Rods 

Within the limits of experimentation, an increase in the number of 
rods increases the grinding much more than proportionately. In com- 
paring two series of tests in which the number of rods were 4 and 16, the 
work increased approximately twentyfold. If it be assumed that in a 

^ For this computation see R. H. Richards- Ore Dressing (1903-1909) p. 60. 

Robert Peele: Handbook of Mining Engineers, p. 1961. 
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rod mill the work is done by impact, this result may be expected, as each 
one of the 16 rods can encounter 15 rods instead of 3 — five times as many 
— and that there are 16 rods instead of 4 — -four times as many — hence 
that the total number of encounters is 20 times as large. This line of 
reasoning is analogous to that which has been used to determine the 



Fig. 37. — Feed 2500 grams of quartz ground in a batch rod-mill revolving 

AT 40 R P. M., WITH 4 ^^-IN. BY 10-IN. RODS WEKJHINCi 3500 GRAMS. TiME AS SHOWN 

ON DIAGRAM. 

frequency of collision of molecules of gas in a given space and which is 
yi{n — 1), or approximately when n (the number of molecules) is 
large. If it be considered that crushing is not done by impact but by 
rolling of the rods on each other, it may be argued that the load on the 
material at the bottom of the mill (where the shearing is presumably 
accomplished) is four times larger when 16 rods are present instead of 
4, and that the area on which shearing takes place is five times larger, 
since there are 15 contact zones instead of 3, so that 
the work done should again be 20 times larger, or 
increase roughly as the square of the number of 
rods. The energy expended in doing this useful 
work does not increase as the square of the num- 
ber of rods, but rather less than directly as the 
number of rods, which form the load of the mill. 

This indicates that grinding with increased rod 
load will increase faster than power consumption, 
up to an undetermined limit. The same conclu- 
sion is arrived at by A. F. Taggart^ in tests with ROTATfoN of^rolls^ and 
a ball mill. 

As far as the conditions investigated are concerned, it may be con- 
cluded that grinding in a rod mill is done by breaking through the grain 
as well as in a jaw crusher or crushing rolls. The resemblance to rolls is 
considerable, except that in a rod mill, adjacent rods revolve in the same 


Rolls 



« A. F. Taggart: Tests on the Hardinge Conical Mill. A. I. M. E. Trans. (1918) 
68 , 126. 

VOL. LXXIII. 18 . 
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direction instead of in opposite directions, setting up stresses of a differ- 
ent nature from those that are set up in rolls. (Fig. 38). This may be 
the reason that in rod milling the peak of the curve in the logarithmic 
plot does not rise above the extension of the straight-line portion, and 
for the absence of breaking by transverse cracks suggested by this 
difference in the logarithmic plots of the size tests. 

Ball Mill 

The following conditions of ball mill operation are variables, and have 
an effect on the product: 1. Speed of mill; 2, rate of feed (duration of 
run in the case of a batch mill); 3, weight of charge (this applies to a 
batch mill) ; 4, size of balls; 5, size of feed; 6, weight of balls. The size of 
mill and the character of operation — i, c., continuous-discharge or batch 



Fig. 39. — Feed, 2500 grams of quartz through 13.33 mm. and on 9.423 mm., 

GROUND FOR 4 HR. IN BATCH BALL-MILL WITH 55 — J^-IN. BALLS WEIGHING 3,500 GRAMS. 

or in closed circuit with a classifier or screen — also may affect the charac- 
teristics of the product. 

Most of the tests were carried out in batch mills; where feed and 
discharge were continuous, the fact is especially noted. 

Effect of Size of Feed Grains 

The straight-line relation between the logarithm of the percentage 
corresponding to a certain range in size and the logarithm of that size, 




5 
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Fio. 43.— -Feed, 2500 guams ok quartz, through 3.327 mm. and on 2.3()2 mm., ground 

FOR 4 HR. IN BATCH BALL-MILL WITH 55 — -Js-IN. BALLS WEIGHING 3500 GRAMS. 



Fig. 44. — Feed, 2500 grams of quartz, through 2.362 mm. and on 1.651 mm , chiound 
FOR 4 hr. in batch ball-mill with 55 J^-IN. BALLS WEIGHING 3500 GRAMS. 



Fig. 45. — Feed, 2500 grams of quartz, through 1.168 mm. and on 0.833 mm., ground 
FOR 4 HR. IN BATCH BALL-MILL WITH 55 — %-IN. BALLS WEIGHING 3500 GRAMS. 




A. M. GAUDIN 


277 



which has been found to hold in the case of the jaw crusher, crushing rolls, 
and rod mill, holds true in the case of ball milling only under the condition 
that the ratio of size of feed to size of balls be below a certain critical 
ratio. When it is above that ratio, the balls appear to grind grains of 
intermediate size, chipping off sharp edges 
from the larger grains and eventually round- 
ing these, without pulverizing them. Figs. 

39 to 46, inclusive, are the logarithmic plots 
for a series of tests conducted in order to 
bring out the existence of the critical ratio 
of size of feed to size of balls. In this series 
of tests the ratio is in the neighborhood of 
}i 27 since, with to 1-in. balls, material 
over 2 mm. in diameter does not yield the 
straight-line size-curve in the fine range, 

which is characteristic of breaking through fk^. 47 —Diagram show- 
the grain relation between rize of 

Ihe notion of critical size-ratio may be angle. 
related to the notion of nip angle^ and of 

coefficient of friction. Let d (Fig. 47) be the diameter of the particle, 
12d that of the balls that nip it, a the angle of nip, and m the coeffi- 

7 Alfred T. Fry: A Supplementary Theory of Fine Grinding. Chem. Eng. & 
Min, Rev. (Aug. 5, 1923). 
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cient of friction. Assuming balls to be touching each other, for 
nipping to take place, must be less than F and P being the pres- 
sure exerted by the ball and the corresponding friction holding the particle 
to the ball. The following relations are true : 

F 

p = by definition, 

F^ = F cos ^ 


Hence for 


P,=P sin I 

F. = P., 

P/i cos ^ = P sin 2 or, ju = tan “ 


But 2 is given by triangle 00' M : 

U 


cos „ = 


6d + 


0.923, 2 = 22°i 


hence m = 0.64 

This value of the coefficient of friction, based on the assumption that 
balls come in contact in order to crush is within the limits of 0.3 and 0.7 
given by Kent,® Peele^ and Richards, but is larger than the value recom- 
mended by the latter (0.3). In this connection it should be remembered 
that square-mesh sieves size grains on their intermediate dimension, 
while pieces probably become nipped with their smallest dimension 
normal to the nipping surfaces, so that if the size of grains that are just 
not nipped were reckoned on their smallest dimension instead of their 
intermediate dimension, the nip angle and coefficient of friction would 
appear smaller. Furthermore the feed to the mill in the tests under 
discussion was made up of roll-product grains, a particularly angular 
product and one that should, accordingly, show a high coefficient of 
friction. In the light of these reasons, it appears justified to consider 
that the critical size observed corresponds to the size of pieces that will 
just be nipped, and that the corresponding coefficient of friction is 0.64 or 
less, in agreement with the accepted values for that quantity. 


Shape of Product Grains 

When the feed does not exceed the critical size for the balls used, the 
shape of product grains varies with the size considered (very much in the 
same way as in rod-mill product) that is, the coarser grains are equi- 


* R. T. Kent: Mechanical Engineers’ Pocket Book. 
® Robert Peele: Op. cit. 

R. H. Richards: Op. ciL 
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Fig. 50. — On 2.362 mm. 



Fio. 51. — On 1.168 MM. Fio. 52. — On 0.589 mm. 
Ball-mill products (quartz). 
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dimensional or polyhedral and the finer grains are sharp splinters with 
all gradations between these types. When the critical size is exceeded, 
the coarse grains become rounded instead of polyhedral, indicating that a 
wearing process has replaced a disintegrating effect. Figs. 48 to 52 
inclusive are photographs of the second coarsest grade made by grinding 
successively finer feed under otherwise similar grinding conditions and 
show the gradual change from rounded to polyhedral grains with increase 
in fineness of feed. Size-curves for the products from which these grains 
are taken are given in Figs. 39, 41, 43, 45, 46. 

Effect of Changing Duration of Run When Feed is Coarser Than 

Critical Size 

The ‘^dip’’ in the logarithmic or semilogarithmic plots becomes more 
marked as grinding time is increased, to the point where intermediate 
sizes may substantially disappear, leaving a product made up of coarse. 



Fig. 53 .— Feed, 2500 grams of quartz, through 9.423 mm. and on 6.680 mm., 
GROUND FOR 1 HR. IN BATCH BALL-MILL WITH 55 %-IN. BALLS WEIGHING 3500 GRAMS. 

round fragments (see Figs. 56 to 59 inclusive) and of comparatively very 
fine, angular grains. Such a product has an appearance totally different 
from crushed products obtained by other grinding devices, even when due 
allowance is made for the difference in range of size of grains, but 
strongly resembles the products of wear tests in Ahh6 mills, described 
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previously. The condition realized in the wear tests would appear, 
therefore, to be a sort of limiting condition which is approximated in 
ball-milling with feed coarser than the critical size. 



54.— Feed, 2500 grams of quartz, THuou<}n 0.420 mm. and on 6.680, mm., 
GROUND FOR 16 HR. IN BATCH BALL-MILL WITH 55 Jg-IN. BALLS WEIGHING]3500 GRAMS. 



In the tests in which the feed exceeds the critical size, with respect to 
ball size, with increased duration of run in a batch mill (corresponding to 
decreased rate of feed in a continuous mill), the bump that follows the dip 
in the logarithmic size plot (Figs. 53, 40, 54, and 55) becomes more accen- 
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Fig. 56. — I-hour run. Fig. 57. — 4-hour run. 



Fig. 58. — 16-hour run. Fig. 59. — 60-hour run. 

Ball-mill products (quartz). 

(On 6.680 and through 7.925-mm. grade from feed on 6.680 and through 9.423 
MM.) 
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tuated and moves slightly toward the fine range (Fig. 60). The size 
corresponding to that bump may be referred to as the size of preponderant 
breaking for quartz, under the conditions of the test. 

The important features that are disclosed by a study of the effect of 
increasing the duration of grinding in a batch mill with feed of a size 
exceeding the critical size are : 

1. The size of preponderant breaking moves but slightly toward the 
fine range. 

2. Rounding increases in the coarse sizes (Figs. 56 to 59 inclusive). 

3. Intermediate sizes decrease in amount. 



Fig. 60. — Feed, quartz 2500 grams through 9.423 and on 6.680 mm., ground for 

DIFFERENT LENGTHS OF TIME IN BATCH BALL MILL WITH 3500 GRAMS OF %-IN. BALLS. 

Table 2 gives the percentage of quartz of the sizes that can be referred 
to as coarse, intermediate and fine, for several runs ranging from 1 hr. to 
60 hr. made with 2500 gm. of +6.680, — 9.423-mm. quartz as feed and 
55, % to 1-in. steel balls weighing 3500 gm. as the grinding medium. 

Table 2. — Percentage of Different Sizes of Quartz after Test Runs 
of Diffeixnt Durations 
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This shows that the percentage of intermediate-size material decreases 
steadily and that the percentage of fine material increases at first sub- 
stantially in proportion to time, then more slowly. Fig. 61 is a semi- 
logarithmic representation of the results of Table 2. 

From the results presented, it would seem that with feed coarser than 
the critical size the balls get a grip on the edges of the angular feed grains 
(roll product), chipping these off, and making grains of all sizes from feed 
size down; as time goes on, the coarser grains present fewer and fewer 
sharp edges that can conveniently be chipped, these edges become smaller, 
until they are so small that the comminution becomes '^wear^^ instead of 
fracture at the same time, balls unable to break the larger grains pick 
on the next finer, and so on; the remaining grains become increasingly 
difficult to reach, because of their great number and small size and because 
of cushioning effects. The result is the formation of a preponderant 


t 

0 ) 

CP 

c 


Duration of Run, hours • 

Fig. 61. — Feed, 2500 grams of quartz, through 9.423 mm. and on 6.680 mm., 

GROUND FOR DIFFERENT PERIODS IN BATCH BALL-MILL WITH 55 -J^-IN. BALLS WEIGHING 

3500 GRAMS. Mill revolving at 46 r. p. m. 

weight of angular grains of a certain size range which is here called the size 
of preponderant breaking, along with rounded grains of the size or just 
finer than the size fed to the mill. If the size of feed is less than the 
critical size, it appears that the grains are broken in order from coarse to 
fine, so that a situation arises which is totally different from that de- 
scribed above, and which is, in the main, analogous to that which arises 
in a rod mill. 

Size of Balls 

In the tests described, run with % to -l-in. balls, the critical size was 
found to be in the neighborhood of 2 mm. With balls twice that size 
(that is to 2 in. in diameter), the critical size should be at about 4 mm. 
In fact, with —4.699, +3.327-mm. quartz, a substantially normal curve is 
obtained (similar to that obtained with —2.362, +1.651-mm. quartz and 
to l-in. balls (Fig. 45), but with —9.423, +6.680-mm. material an 
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abnormal curve occurs, indicating that the critical size is near 4.6 mm. 
At the same time, the size of preponderant breaking (for 4-hr. runs) has 
become coarser, being about 0.052 mm. instead of about 0.026 mm. ; that 
is, twice as much. More experimentation is desirable in this direction, 
but even with these meager data, it would appear that the size of pre- 
ponderant breaking is roughly proportional to the ball diameter, and that 
it is of the order of Kooo of the ball diameter. Accordingly, with 4-in. 
balls, which are in common use in practice, the size of preponderant 
breaking should be in the vicinity of mm. (150 mesh) and the critical 
size about 8 to 10 mm. With 1-in. material as feed, a portion of it 
would be crushed and another portion worn down, with the result that 
a few pieces would become rounded, hence difficult to nip, and go around 
and around in the mill-classifier circuit. This rounded oversize or 
'‘trarnp^^ oversize is undesirable. Its disposal is the object of a recent 
paper. It is customary, in practice, to speed up the mill when coarser 
feed is employed. This may be successful because of a dependence of 
critical size on speed. 



Fig. 62. — Feed, quartz, 120 lbs. per hour, through 3.327 mm. and on 1.651 

MM., GROUND IN 20-IN. HaRDINGE CONICAL MILL FITTED WITH STANDARD FEED AND 
DISCHARGE CONICAL SECTIONS AND ONE 18-IN. CYLINDRICAL SECTION; GRINDING MEDIUM 
100-3-IN. STEEL BALLS WEIGHING 400 LBS. 


Contmuous-discharge Mills 

A few tests were made in a 20-in. Hardinge conical mill fitted with 
100 3-in. steel balls weighing 400 lb. The mill used in this test was 
composed of standard conical parts for feed and for discharge and of one 
18-in. cylindrical portion. The runs were made dry, starting with an 
empty mill, which was gradually loaded up at the desired rate. A sample 
of the product discharged was taken after equilibrium had been attained. 
The results are given in Figs. 62 and 63 for two runs. It is seen that a 
straight-line relation exists between the logarithms of the percentage 

Davis, Willey and Ewing: Recent Developments in the line Grinding and 
Treatment of Witwatersrand Ores. A. I. M. E. Trans. (1925) 71 , 983. 
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retained by each screen and corresponding screen aperture, in the fine 
range, as would be expected from the data concerning batch mills for 
feed that is finer than the critical size. Fig. 63 shows that a straight- 
line relation appears also in the coarse range. The explanation and 
significance of this relation remain to be found. 



1 ^ ^ I I ^ 111 I I li 

Am 0.074 0013 

— Log Sue, mm 


Fig. 63. — Feed, quartz, 60 lbs. per hour, through 6.680 mm. and on 3.327 mm., 

GROUND in 20-in. HaRDINGE CONICAL MILL PITTED WITH STANDARD FEED AND DIS- 
CHARGE CONICAL SECTIONS AND ONE 18-IN. CYLINDRICAL SECTION; GRINDING MEDIUM 

100-3-in. steel balls weighing 400 lbs. 

Resume 

Crushing in a ball-mill is effected both by breaking through the grain 
and by wear. Breaking through the grain takes place when the grain is 
small enough to be nipped by the balls, and wear when the grain is 
too large to be nipped by the balls. 

Application of the Relation between Size of Particle and 
Percentage Corresponding to a Certain Size 

The relation y = has been found to hold true for the fine range 
of roll product, jaw-crusher product, and rod-mill product under all 
conditions tested, and for ball-mill product under certain conditions. 
In this relation x denotes respectively size; y denotes percentage corre- 
sponding to the size-range x to px (where p is the screen ratio or, more 
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generally, the size ratio); C, a constant depending on the units chosen; 
and k a constant independent of the units chosen and which, geometri- 
cally, is the slope of the straight line in the logarithmic plot. 

Discussion of —200-mesh Material 

This category comprises all grains that pass a 200-mesh sieve; that 
is, one having an aperture of 0.074-mm. This class includes grains as 
coarse as 0.074 mm., as well as grains finer than the finest that can be 
detected under the microscope, that is 0.0003 mm., a range in size greater 
than that between the apertures of a 1-in. and a 200-mesh sieve. It is 
as objectionable to include in the same class grains that are as different as 

various —200-mesh grains as to put together 1-in. and 

material. Classifying in water material passing a 200-mesh sieve will 
give information as to its size to about 0.010 mm., or perhaps to 0.005 
mm., but the material finer than that limit will still cover a vast range of 
sizes and be open to the same objection, although to a lesser extent, 
than the objection to which is opened unsized —200-mesh material. 

In this connection it is important to know how fine solid particles 
can be. It is well known that matter, in the usual sense of the word, 
cannot exist in particles more discrete than molecules (if they are com- 
pounds) or atoms (if they are elements). According to x-ray data on 
crystal structure the smallest grain of solid is one that contains at least 
enough atoms to form a simple crystal of the required crystallographic 
shape; in the case of galena it is a grain made up of four atoms of lead and 
four of sulfur (octahedron or cube); such a grain has a diameter of 
0.38 X 10"^ mm. Unit crystals are generally more complicated than 
the galena unit crystal; rarely, however, will they contain over 100 atoms. 

The range in size of unit crystals is from 2 to over 10 X 10“^ mm. 
Assuming 15 X 10“^ (1.5 millimicrons) as the smallest solid grain 
capable of existence, it is found that the range covered by —200-mesh 
material is from 0.074 mm. (74 microns or 74,000 millimicrons) to 
0.0000015 mm., a range in which the largest grains have 50,000 times the 
diameter of the finest and of which a 10-story building and a sand grain 
give a fair size comparison, within reach of our senses of perception. 

Let be the total amount of material finer than the 200-mesh 

sieve. is known from weighing the undersize of the finest 

screen in making a screen analysis, but it can also be obtained by extra- 
polation of the straight-line relation between log x and log y. The close- 
ness of the check between observed and computed should be a 

measure of the validity of the extrapolation. Table 3 gives a list of the 
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values of Y observed, Y computed, 


Y comp^t^d — Y obs’d 
Y obs’d 


X 100, and 


average 


Y compet’d - Y 
obV'^ 


obs’d 


X 100. 


Tal)lc 3 shows that the average 


difference between the computed and observed percentage of — 200-mesh 
material is less than 4 per cent, of that percentage, a comparatively small 
amount. It seems, therefore, that the proposed extrapolation is justified. 
Table 3 shows, furthermore, that the plus errors correspond to jaw 
crusher and roll tests in which the free discharges induce high atmospheric 
losses of the very fine material. The minus errors, on the other hand, are 
located in tests with the Braun pulverizer, rod-mill and ball-mill and 


Table 3. — Computed and Observed Percentages of Material 


Per Cent. — 

Actual 

200-mesh 

Computed 

YoompTd - Yobs’d 

Y ods d 

Machine 

0 55 

1 04 

+47 

Rolls 

1.76 

2 38 

+24 

Rolls 

2.05 

1 47 

-40 

Braun pulverizer 

4.07 

3 71 

-10 

Braun pulverizer 

4.14 

3 28 

-26 

Braun pulverizer 

3.28 

2.57 

-27 

Braun pulverizer 

3 11 

2 44 

-27 

Rod mill 

1.92 

1.75 

-10 

Ball mill 

1.03 

1 30 

+21 

Jaw 

1.33 

1.15 

+ 8 

Rolls 

1 32 

1.79 

+26 

Rolls 

1.53 

2 05 

+25 

Rolls 

2.42 

3.08 

+21 

Rolls 

0.78 

1 .48 

+47 

Rolls 

0 55 

0 71 

+23 

Rolls 

7 81 

6 89 

-14 

Braun pulverizer 

7.98 

6.89 

-16 

Braun pulverizer 

7 20 

6 36 

-13 

Braun pulverizer 

3.00 

2.51 

-20 

Braun pulverizer 

0.65 

.86 

+24 

Rolls 


may be partly caused by the addition of metal ground from the crushing 
plates, rods or balls, as the case may be. can be computed 

either by integration or as follows: Consider the straight-line portion of 
a crushing diagram. Values of y for consecutively smaller values of 
Xy decrease rapidly. Let s be the number of consecutive x's required to 
cut the value of i/ to o the value of the first y. It will require another 
s to cut the value of 2 / to Koo the value of the first y and another 
s x^B to cut it to Mo 00 ) the sum of the 2 /’s corresponding to each C 3 ^cle 
of s will be in direct proportion to the ratios 1: Mo - Moo* Moooj 
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etc., which is a rapidly converging series. The total of these numbers is 

Hence the rule: to get the percentage of material finer than the 

finest size to which analysis is carried, extend the logarithmic plot and 
add the percentages corresponding to consecutive size ranges until one 
individual percentage is approximately equal to of the first per- 
centage recorded. Leave out this last percentage and divide the sum 
obtained by 0.9, 


Average Size of — 200-mesA Particle 

The knowledge of the proportions of grains of various sizes in —200- 
mesh material, secured by extrapolation of the logarithmic plot of the 
screen-analysis of that product, allows accurate computation of the 
average size of this material in function of fc. Before making this com- 
putation, however, it is necessary to decide on what basis the average 
size will be computed. In this connection a paper recently published 
by W. M. Weigel,“ presents a most interesting and well-taken discussion 
of the various means of computing average sizes. The average particle 
can be defined thus: 


1. It is a particle such that its diameter multiplied by the total number 
of particles is equal to the sum of the diameters of all the particles. 

2. It is a particle such that its surface multiplied by the total number 
of particles is equal to the sum of the surfaces of all the particles. 

3. It is a particle such that its volume multiplied by the total number 
of particles is equal to the sum of the volumes of all the particles. 

4. It is a particle such that if all the sample were made up of particles 
of that size, the product of the weight of the sample by the average size 
would be equal to the sum of the products of the weights of each size 
by that size. 


Consider a lot made up of one cubical particle of diameter lOd and 
1000 particles of diameter d. The weight of the large particle is 
1000(/d^ and of the small particles lOOOgfd* where g is the specific gravity. 
The average size as defined by 1, 2, 3, 4 is respectively: 


1. xX 1001 = lOd + (1000 X d) = lOlOd 

2. 6x* X 1001 - 600d2 + fiOOOd^ 

3. X 1001 = lOOOd* + lOOOd’ 

4. (2000^d«)a; = (1000^d3)(10d) + (1000srd3)(d) 


X = 1.009d. 
X = 1.05d. 
a: = 1.26d. 
X = 5.5d. 


These results indicate that the expression ‘‘average size^^ should be 
more specifically defined. It is here suggested that it be restricted to 


“ W. M. Weigel: Size and Character of Grains of Nonmetallic Mineral Fillers. 
U. S. Bureau of Mines Tech, Paper 296 (1924), 44 pp. 

1 .— 19 . 
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the quantity obtained by the fourth method given above. It should be 
noted that there is no physical meaning to that quantity except that it 
is the way in which average size of material is judged by the eye, which 
weighs bulk of material of a certain size and diameter of particle, that is 
mass, while there is a definite meaning attached to size of average surface 
and to a lesser extent to the size of average diameter and the size of 
average volume. In computing the work done in crushing, the ‘‘average 
size’’ of --200-mesh material has frequently been taken at 0.037 mm. 
(one-half the aperture of the 200-mesh screen). This value is slightly 
smaller than the average size computed by the fourth method given 
above for k = 0.8. On the other hand, it is many times as large 
as the size of average surface. With k = 0.8 for instance, the size of 
average surface is 0.002 mm.; with k = 0.6, it becomes 0.0005 mm., 
respectively Ks and M 2 of the average size (0.037 mm.) commonly 
ascribed to —200-mesh material. 

Computation of Specific Surface, Size of Average Surface, Size of Average 
Volume and Number of Particles 

Let y be the per cent, by weight of material varying from x to px 
millimeters, z be the per cent, of material per millimeter increase in 
size, s be the surface of broken material if aU particles were cubical, S 
the real surface of broken material, r* the ratio between the real surface 
of the particles of a lot of size x, to the surface of cubical particles having 
the same “size.” By definition 

(3) r. 

If is a constant or substantially so, for all ranges of size: 

(3') S = r.s. 

In this paper r will be considered as constant, although it is suspected 
that it varies. It is proposed to compute s from the screen analysis of 
a certain material. From the fundamental relation: 

(2) y = C 

the amount of material dz ranging in size from x to x + dx will be 
dx 


(4) 


dz = 


V 


X ^^^dx\ 


In a volume of 100 c . c. of material, the volume of material ranging in 


size from x to x + dx dz 
of edge X, or: 

(5) 


This volume contains dN = dz 


10 > 


cubes 


dN = j^^^3*-*dx, 

(p - 1) ’ 
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SO that for the range *1 to x*, the total number of particles is 
P — p — 1 k—^ 

Generally: 

(S') (p _ i)(A: - 3) J 

The area per particle is sq. cm. ; for dN particles of size x, it is : 


hence: 


Generally: 

/«\ CTx« _ 6r • 10(7 

W - (p _ i)(fc _ ly i-* --1 j 

The volume of material ranging from Xi to Xj is obtained by integrating 
(4), which gives: 

(7) Zl\ = ^ - xi>‘] 

Hence S*,,, the specific surface that is the surface per unit volume of 

material, ranging from Xi to xj, according to relation (2), p. 3, is given by; 

o _ _ 6r-10C[x2»-il - a;,*-i](p - 1) fc 

Zl\ (P- l)(fc-l)C[X2*-Xi*] 

1r ^ — 1 

( 8 ) 

where x is expressed in millimeters and Sxix^ in square cm. per c. c. 

Size of Average Surface — Specific Surface , — Table 4 gives values of 
Sxixt computed for r = 1, various values of k and various a: i — 0:2 ranges, 
Xi and Xt are in mm. S^^^in sq. cm. 

Table 4 . — Valvss of Sx^x^for Xi = 1 mm. 

Range xi — xt, {xi>xi) 


60 C [x2*-« - X,* 
(p - 1) (fc - !)■ 


0*1 _ 
^Zi 


S,,„ = 60.r. 


X2^~^ — Xi^~^ 
— Xi* 


k \ 

10 

10 * 

10 » 

10 » 

0.3 

20.84 

8.36 



0.4 

19.70 


2.62 

0.402 

0.6 

18.90 




0.6 

18.18 

6.10 

1.34 

0.0895 

0.7 

17.32 




0.8 

16.64 

3.72 

0.714 

0.0206 

0.9 

16.96 

3.21 

0.640 

0.01164 

1.0 





1.1 

14.76 

2.38 

0.328 

0.00460 

1.2 

14.22 

2.18 

0.269 

0.00330 

1.3 

13.68 

1.96 

0.227 

0.00251 
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Fig. 64 is a logarithmic plot (drawn on smilogarithmic paper for 
convenience) giving the value of /S,,*, for various vidues of k (from 0.3 to 
1.3) and of the range XiZt. It will be noted, by the way, how these curves 

fan out with increasing ^ and how little difference k makes when ~ <4. 



Fig. 64. — Area op 1 c.c. of crushed material ranging in size from xi to xz mm. 


Application . — Find the area of 500 gm. of a mineral of specific gravity 2.5 for 
which k ~ 0.65 and for which the grains range in size from 2 microns (0.002 mm.) 
to 0.2 mm. Assume that the average area per particle is 1.2 times as large as it 
would be if the particles were cubes. 

500 

Volume = = 200 c. c. 

since 100, k =» 0.65 

4.6 4.6 

0.002 

area = 200 X 1.2 X 4.6 X ^ 

In order to simplify matters, the area of —200-mesh material was 
determined once for all for various values of k. It is given in Table 5, 
and by Fig. 66. 
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SQ CM 

Fig. 65. — Area op --200-mebh material, — ^ ^ vs. k . 

^ c.c. 


Table 5. — Specific Surface of —200-mesh (0.074 mm,) Material (r = 1.0) 


0.4 

Area, S4. Ch. 
54.2 X 10* 

0.6 

12.1 X 10* 

0.8 

2.78 X 10* 

0.9 

1.58 X 10* 

1.1 

0.609 X 10* 

1.2 

0.447 X 10* 

1.3 

0.340 X 10* 


Application . — Find the surface of 500 gm. of -200- mesh material of specific 
gravity 2.5, in which it is known that h = 0.75, r = 1.4. 

Volume == = 200 specific surface *= 4 X 10^ sq. cm. Total area = 1.4X 

200 X 4 X 10* =* 11.2 X 10* sq. cm. 

The size of average surface can be obtained directly from the specific surface 
R8 follows! Since the volume occupied by material of surface is unity, and 

the volume of the particle of average surface is and its surface : then (a: 

expressed in millimeters, volume in c. c., surface in sq. cm.) 

10-»nx.» = 1, 

where n is the number of particles 

10 -*n • 6x,» = 

of average surface whose volume is unity. 
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, 1 

Dividing these equations member to member, ^ 
or 

ftO 

(9) Xg = o — where is expressed as square cm./c. c. and xi, x*, x, in milli- 
meters. 

ApplicoXion, — Find size of average surface of — 20(>-mesh material for k —0.4, 

0 . 6 , 0 . 8 , 1 . 0 . 


k = l.O 

a 0.9X10* hence 

,« 7 

0.9X10* 

k = 0.8 

= 2.8X10* hence 

Xe « 2.14 X 10“* mm. 

k = 0.6 

j = 12.0 X 10* hence 

X, =0.50 X 10”* mm. 

k = 0.4 

= 54.0 X 10* hence 

X, =0.11 X 10”* mm. 


Size of Average Volume 

The size of average volume can be obtained as follows; The volume of 

a cube of edge x is^- The volume of dN such cubes would be; 

, lO’C C3^~^dx 

p — 1 l0> p — 1 



Fig. 66. — Size op fabticle op average volume. 



and the volume F** of JV** 
•» *1 

their number would 1 


particles would he j C while 

Hence size of average volume 


. ^ A 

in millimeters is 10 times the cube root of or. 
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V - 

io»cr 

p - 1 



It - 3 

r k 



Fig. 66 gives values of x, in terms of Xi for various values of — and of k. 

Xi 

This graph is to be used exactly as Fig. 64. 



For —200-mesh material, putting Xi = 1.5^^, — = g - = 50,000 

approx, values of x, in millimeters are given by Fig. 67 . The equation 
X,, k is very nearly a straight line when plotted on semilogarithmic paper 
because equation (11) reduces to: 

(12) • 1.5 .if, ^(50,000)* - 1, 

or log. X, = log 1.5 -f I [log (3 — fc) — log ^ • 1^8 (50,000* — 1) 
and that (60,000)* is generally very large compared to unity. 

Definition and Computation of Crushing Efficiency 

The work actually used in crushing material is diflBcult to estimate, 
because no universally accepted law exists to measure it. As is pointed 
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out in the literature, a part of the work of crushing is employed to make 
noise, part to make new surface (surface energy) and part to make heat. 
Both heat and noise are the result of vibrations set up in solid matter by 
impact or friction, and are not desired. New surface, on the other hand, 
is in a way an index of what has been accomplished and new surface 
energy can be looked upon as a measure of the '' useful work'' done in 
crushing. The surface energy developed can be obtained from the si>eci- 
fic surface (Figs. 64 and 65) and the specific surface energy of the mineral 
that is being ground. Edser^^ gives 920 ergs/sq. cm. as the surface 



Fig. 68. — Redrawn from Fig. 9 in Professor Haultain^s data. 


energy of quartz. Taking, for instance, the ninth test in Haultain and 
McNiven's data^® on quartz; plotting y vs. log x, drawing curve of best 
fit and transferring points of intersection of that curve with corresponding 
ordinates to a log 2/ — log x plot, a straight line, k = 0.92, is obtained 
(see Figs. 68 and 69). The amount of —200-mesh material obtained by 


extrapolation is 


0.68 + 0.49 + 0.35 + 0.27 + 0.19 + 0.14 + 0.10 
0.9 


= 2.47 


per cent., a fair check as compared with 2.30 per cent, actually obtained. 
The specific surface of —200-mesh material for k = 0.92 is 0.140 X 
sq. cm. 


10 ^ 


c.c. 


(Fig. 65); therefore in a 100-c.c. sample of product the area 


w Fourth Report on Colloid Chemistry and its General and Industrial Applications, 
281. British Assoc, for Advancement of Science. 

E. T. Haultain and J. C. McNiven: University of Toronto, Engineering 
Researdi BvU, No. 4, 157. 
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of — 200-meBh material obtained, assuming particles to be all cubical, 
is 2.3 X 1.4 X 10^ = 3.22 X 10* sq. cm. The amount of material 
present follows the y = Ca:* law between the sizes 0.833 mm. and 0.074 
mm., or a range of size of 8\/2. Therefore, from Fig. 64, and for k = 

0.92, the surface of the material is 14.5 q = 196 sq. cm./c.c. For a 



Fig. 69. — ^Logakithmic plot drawn prom Fig. 68. 


total percentage of 27.5, the corresponding surface is 196 X 27.5 = 0.539 
X 10* sq. cm. For the material coarser than 0.833-mm. the surface may 
be estimated m the usual way, as follows: 


Sise, Mm. 

Surface 

Sq, Cm. 

C.o. 

Per Cent. 

Surface 

Sq. Cm. 

C.o. 

4.699 

12.7 

1.6 

20 

3.327 

18.0 

4.7 

85 

2.362 

25.4 

8.6 

473 

1.651 

36,3 

30.2 

1097 

1.168 

51.4 

15.1 

774 


Total 


2451 or 0.245 X 10 * 


Hence the total surface of +200-mesh material is (0.539 + 0.245)10* = 
0.78 X 10* sq. cm. 

The total surface of +200-mesh and —200-mesh material combined 
is 4.00 X 10* sq. cm./100 c. c. (of which 19 per cent, is accounted for by 
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the +200-mesh material and 81 per cent, by the — 200-me8h material). 
The total surface in 100 c. c. of feed is 100 X 12.8 = 1280 sq. cm. per 
100 c. c., therefore new surface is 3.87 X 10‘ sq. cm. per 100 c. c. 

Taking r as 2 (rolls make a very splintery product), the new surface is 
7.7 X 10^ sq. cm. Corresponding surface energy is 7.7 X 10^ X 0.92 X 10* 
= 7.1X10^ ergs, or 


7.1 X 10* 454 

4.2 X 10* ^ 100 X 2.65 



X 778 = 9.0 


foot-lb. 

lb. 


The new surface energy developed in the rock is but a small fraction of 
the energy input, which is given** for a similar test as about 700 foot-lb. per 
lb. That is, a very small portion (1.3 per cent.) of the energy input is recov- 
ered as surface energy in the product, under the conditions, least waste- 
ful in energy, realized by Professor Haultain. The balance (99 per cent.) 
of the energy input goes to make heat, noise and frictional losses in bear- 
ings and transmission machinery. If it were possible to deduct drive 
losses, the energy input would divide itself in surface energy (useful work) 
and heat and noise, which could be considered as the losses of the crushing 
process itself. This would permit computation of crushing efficiency; 
not on a relative basis but on the basis of output/input which is truly an 
efficiency. If in the above instance drive and bearing losses amounted 
c. g. to 500 ft.-lb. per pound of rock, the energy consumed in crushing 
would be 700 — 500 = 200 ft.-lb. per lb., and the efficiency E would be 
4.5 per cent. It is difficult to determine bearing losses accurately, as 
these losses depend on the pressure exerted by the rotating shaft, and this 
pressure in turn is variable and depends on the reaction on the rolls of 
the pieces that are being broken. If some means of automatically record- 
ing the variations of the bearing pressure with time could be devised, it 
might be possible to eliminate this effect and get at the true crusher 
efficiency. An efficiency that includes bearing losses, while dependent to 
a large extent on the quality of the bearings, would be more significant to 
the practical man. In the present instance, it would amount to 


E = 


9.0 

700 


1.3 per cent. 


Such a small value as is obtained here is surprising, but it is useful, in 
this instance, to remember that the efficiency of a good steam engine is 
only 15 per cent, and that the overall efficiency of a locomotive is rarely 
much over 4 per cent. 


Kick V8, Rittinger 

Relative mechanical efficiency is a number presumably proportional 
to the unknown actual efficiency, when a certain system of units is 
adhered to. 


** H. E. T. Haultain: Op. cU., 147. 




A. M. GAUDIN 


299 


The relative mechanical efficiency obtained by Rittinger^s method 
should be proportional to the true efficiency as defined above, since 
Rittinger states that the work done is proportional to the new surface 
formed. There is, however, a difference between the usual computation 
of R. M. E., and the computation offered in this paper in that the average 
size of —200-mesh material has always been overestimated, making a 
correspondingly great error in underrating the area of —200-mesh 
material and the energy units it represents. 

Kick’s so-called law states that equal changes in configuration demand 
equal output of work. Thus to reduce a cube of edge X/ to cubes of 

edge ^ would demand n times as much work as to reduce it to cubes of 


nr. 

edge Hence the work done on the piece of size x/ is proportional to 

log X/ — log X or to (D — log x) — (d — log Xf), D — log x being looked 
upon as the work contained in pieces of size x, and D — log x/ as that 
contained in pieces of size X/. For dz per cent, of material, ranging in 
size from x to x + dx, putting D — 0^ the work contained in the 
pieces is dw = —m log x dz where m is a constant. 

But 


dz = 


p - 1 


x*-' dx 


hence 


dw = 


--me 


log X • x*g“^dx == — log X dx 


p - 1 

where ilf is a positive constant, depending upon the units chosen. 
The work contained in pieces varying from Xi to X 2 is 

W:\ = -M log. a; dx = “ p] 


_ _ Mr 

- k [ 


(X2* log. X2 — Xi* log. Xi) 


X 2 * 


Xi^ 




To get the specific work (work per unit volume), contained in 

pieces varying from Xi to X 2 , TF** must be divided by the percentage 

(j 

weight, z'l = (p — iy fc corresponding to the range X1X2; 


— mC 


IF,, .2 = 


fc(p - 1) 


C 


X 2 ' 


^ — 




X2* log. X2 - Xi* l og. Xi 


X2* — Xi* 


X^ 


k _ 




(p - 1) 

/ a;** log, Xj - a;i* log, Xi _ 1\ 

~ ( *2* — Xi* kj 

Let I be the ratio — > then Xt^ = a:i* • Z*, log, xt = log, *i + log, I 

Xi 
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i 

and 


= —m 


log, l)_ - Xi’‘ log, 

XiH’‘ - 


0 


Simplifying: 





W vs. K. 


‘law/ 



Fia. 71. — Energy units contained in +200-mbsh particlesby Kick's “law" for 

VARIOUS VALUES OF — *= Z AND OF k, Xi “ 0.074 MM. 

Xi 

For —200-mesh material, I = 50,000, Xi = 1.5 X 10*"® mm. Using 
logs, to base e, m = 1, and x^s in mm., as a consistent system of units, 
the work represented by —200-mesh material for various k^& can be 
computed (see Fig. 70). 

For +200-mesh material, and various values of I and k, consult 
Fiflf. 71. 
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HETEROGENEOUS ROCKS 

Sedimentary rocks are made up of grains of various minerals, bonded 
by a cement; a weakness is naturally present at the grain boundaries. 



Fig. 72. — Feed: through 22.43 mm. and on 18.85 mm. (Manhattan schist 
PARTICLES WHOSE LEAST DIMENSION IS ON 5.5 MM. AND THROUGH 11.0 MM. TO ROLLS SET 
AT 5.613 MM.) 


Mesh 



This weakness is more or less marked, just as the state of aggregation 
may vary from that of a loose sand to that of a highly indurated quartzite. 
Igneous rocks are generally fairly homogeneous in character, as can be 
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observed by fracture which takes place through the grains. Metamor- 
phic rocks frequently present a highly heterogeneous structure, particu- 
larly if they contain large amounts of micas. Weathered rocks, also, 
are heterogeneous because the disintegration of the grain-boundary 
material or cement is generally more rapid under the action of 
weathering processes. 

Manhattan schist is an example of a heterogeneous rock. It is a 
very ancient sediment now completely metamorphosed into a schist 
containing micas, feldspars, quartz and a number of less common silicates 
such as garnet, pyroxene, hornblende, sillimanite, etc. Results obtained 
in crushing this rock with crushing rolls are given in Figs. 72 to 79 
inclusive. These figures should be compared with Figs. 4-10, which 
represent the results obtained with quartz feed of the same size and with 
the rolls at the same set. 

On the logarithmic plot, the straight line obtained with quartz 
disappears and is replaced by a curve having a more or less well defined 
hump. Following one of the logarithmic plots for Manhattan schist, 
Fig. 78, for instance, from the coarse to the fine range of the diagram, the 
curve at first is substantially like the curve for quartz. From C on, the 
quartz plot continues in some such fashion as CQ, while that for schist is 
CM. If the difference between CQ and CM is plotted on a semilogarith- 
mic basis, the curve obtained represents fairly well a probability curve. 
Figs. 73, 75, 77 and 79, show that the “probability curve” referred to 
above has its maximum in the vicinity of the sizes represented by the 
0.208-mm. and 0.295-mm. screens. Of ten tests carried out under dif- 
ferent conditions (one jaw-crusher product, one Abb6-mill test, one 
ball-mill test, one rod-mill test, two disk-pulverizer tests and four 
crushing-roll tests), four show greatest amount of preferentially broken 
material at from 0.208 to 0.246 mm., three at from 0.246 to 
0.295 mm. and three at from 0.295 to 0.351 mm., averaging at 0.27 ± 
0.013 mm. 

In order to explain the existence of this size of preferential breaking 
in this nonhomogeneous rock and to relate it with the average grain size 
of the rock, a dimensioned count of grains was made in several photo- 
micrographs appearing in published articles by C. P. Berkey“ and C. R. 
Fettke.*® The count was made by drawing on the photomicrograph 
four diameters at 45® from each other and measuring to the nearest 
millimeter the dimension of each grain intersected by each diameter at 


” C. P. Berkey: N. Y. State Museum EvU. No. 226-6, 62-63. 

“ C. R. Fettke: Aniuds of the N. Y. Acad. Sci. (1914) 28, 193-290. 
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the intersection. From these data, tables (6, 7, 8, 9, 10 and 11) were 
constructed on which the various columns d, /, /d^, /d® represent 

respectively the diameter of grain, frequency corresponding to that 
diameter, area per grain, area for corresponding frequency, and area for 
corresponding frequency multiplied by diameter. This is the correct 
procedure, for, if it is considered that the thin section examined is a true 
measure of the grain size of the rock under investigation, it is at the 
same time implicitly assumed that the grains all have the same height, 
that is the thickness of the slide, or that only two dimensions of the 
grain breadth and length, enter into the problem. This is true only 
as long as the grains are coarse enough to occur not over one grain deep 
in the slide; for the rock under investigation the grain diameters are 
amply larger than the thickness of the slide; it is therefore possible to 
leave out of consideration the third dimension without danger of introduc- 


ing an error. 

As contrasted with the computation of average size from a count made 
in a thin section, it is necessary, when averaging a dimensioned count 


of grains disseminated on a slide, to take stock of the three dimensions 
of the grains. The average size will be obtained by instead of 


Table 

6 . — Count No, 

1: Plate 12, Fig, 

13, Fettke Report 

d 

f 

d* 

fd^ 

fd* 

1 

42 ■ . 

1 

42 

42 

2 

23 

4 

92 

184 

3 

5 

9 

45 

135 

4 

4 

16 

64 

216 

5 

4 

25 

100 

500 

6 

2 

36 

72 

384 

7 

1 

49 

49 

343 

8 

1 

64 

64 

512 

9 

1 

81 

81 

728 

10 

2 

200 

200 

2000 

Average size 

= -*815.^28: 22.5 

= 0.26 mm. 

728 

4316 


VOL. LZXIII. — 20 . 
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Table 7. — Count No. 2: Plate 13, Fig. 1, Ftitke Reports 


d 

/ 

cl» 

fd» 

fd* 

1 

4 

1 

4 

4 

2 

11 

4 

44 

88 

3 

7 

9 

63 

189 

4 

5 

16 

80 

320 

5 

3 

25 

75 

375 

6 

3 

36 

108 

648 

7 

2 

49 

98 

686 

8 

2 

64 

128 

1,008 

9 

2 

81 

162 

1,458 

10 


100 



11 

1 

121 

121 

1,331 

12 

2 

144 

288 

3,456 

13 

1 

169 

169 

2,197 

14 

1 

196 

196 

2,544 




1,537 

14,304 


Average size = “^22.6 = 0.41 mm. 


Table 8. — Count No. 3: Plate 13, Fig. 2, Fettke Report 


d 

/ 

. d* 

/d» 

fd^ 

1 

11 

1 

11 

11 

2 

15 

4 

60 

120 

3 

15 

9 

135 

405 

4 

9 

16 

144 

576 

5 

5 

25 

125 

625 

6 


36 



7 

2 

49 

98 

686 

8 

1 

64 

64 

512 

9 

2 

81 

162 

1458 

10 

1 

100 

100 

1000 




899 

5393 

Average size 


-5- 22.5 = 0.27 mm. 





Table 9. — Count No. 

4: Plate 

13, Fig. 3, 

Fettke Report 

d 

f 

d» 

/d* 

fd* 

1 

92 

1 

92 

92 

2 

30 

4 

120 

240 

3 

7 

9 

63 

189 

4 

2 

16 

32 

128 

5 

2 

25 

50 

250 




357 

899 


Avenge diameter ^*^57 + 22.5 = 0.124 mm. 
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Table 10 

. — Count No. 

1: Berkey Report 


d 

/ 

d* 

/d* 


1 

20 

1 

20 

20 

2 

26 

4 

104 

210 

3 

10 

9 

90 

270 

4 

8 

16 

128 

510 

5 

3 

25 

75 

380 

6 

6 

36 

196 

1,180 

7 

5 

49 

245 

1,750 

8 

4 

64 

256 

2,040 

9 

1 

81 

81 

730 

10 

1 

100 

100 

1,000 

11 

1 

121 

121 

1,330 

12 

1 

144 

144 

1,720 

13 

0 




14 

1 

196 

196 

2,560 

15 

1 

225 

225 

3,370 

16 

0 




17 

1 

289 

289 

4,930 




2,270 

22,000 

erage size 

22,000 

2270 = 9.7 or, 

reduced to usual scale 

9.7 -f- 30 


0.32 mm. 


Table 11. — Average Size 


Indtvidu^l Avbbagb 

SizB, Mm. 

Deviation 

(Deviation)* 

0.32 

0.05 

0.0025 

0.26 

0,01 

0.0001 

0.27 

0.00 


0.41 

0.14 

0.0196 

0.12 

0.15 

0.0225 

1.38 


0. 0447 -f 5 =0.0089 


Mean average size = 0.276 ± 0,065 mm. 

Standard deviation > 0.095 mm. 

The average size obtained microscopically is 0.276 ± 0.065; that 
obtained by crushing 0.27 ±0.013, an agreement well beyond dispute. 
It is therefore permissible to conclude that: 

1. The maximum height of the curve representing the difference 
between the schist and the quartz plots corresponds to the average 
grain-size of the rock. 

2. A larger percentage of rock breaks at the average grain-size or to 
a size in the neighborhood of the average size in the case of a hetero- 
geneous rock than in the case of a rock presenting no weaknesses at the 
grain boundaries. 

3. The average grain-size of a nonhomogeneous rock can be determined 
by a simple crushing test on sized feed. 
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Variation in the intensity and range of this preferential action with the 
relative strength of grains and grain boundaries and the range of size of 
grains in the rock should be expected. Manhattan schist, for instance, is 
very variable, and more micaceous varieties which are coarser grained 
should exhibit preferential breaking at a coarser range of sizes than other 



Fig. 80. — Feed, through 22.43 mm. and on 18.85 mm. (Manhattan schist, 

SELECTED GRAINS, COARSE MICACEOUS PHASE; ROLLS SET AT 5.613 MM.) 

varieties ‘which are finer grained. This is shown well by Figs. 80, 81 and 
82 which were obtained from the screen analysis of the crushed products of 
—22 43 

three groups of -[-ig.SS-mm. ^^^^^d-picked pieces of schist fed to rolls 
set at 5.613 mm. 



Fio. 81. Feed, through 22.43 mm. and on 18.85 mm. (Manhattan schist, 

SELECTED GRAINS, GNEI88IC PHASE; ROLLS SET AT 6.613 MM. 

It should further be noted that the height of the humps has been 
increased by selection; this agrees with the expectation that the range in 
grain size should be less with pieces which are more nearly alike than 
when very dissimilar pieces occur simultaneously. 
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Fig. 82. — Feed through 22.43 mm. and on 18.85 mm. (Manhattan schist, selected 
GRAINS, coarse, LUMPY, MICA-SCHIST PHASE; ROLLS SET AT 5.613 MM.) 



Fig. 83. — Feed on 3 in. and through 6 in. (In wood limestone to Dodge breaker.) 



Fig. 84. — Feed on 3 in. and through 6 in. (Inwood limestone to Dodge bbeakeb.) 
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Inwood Limestone 

When slightly weathered, Inwood limestone is very friable. Results 
obtained by crushing a sample of this rock in a Dodge jaw crusher 
are given in Figs. 83 and 84. The hump shown by the diagram of the 
crushed product is more marked in this case than in the case of 
Manhattan schist. 


R^sumi 

When the logarithmic size-curve of a crushed product obtained from 
sized feed is not a straight-line the rock is heterogeneous in character 
under conditions that yield a straight line in the fine range with quartz 
as feed. • 

The position of the hump in the curve indicates the size to which the 
rock breaks in preference. The height of the curve is in a way a measure 
of the intensity of this preferential action. 
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DISCUSSION 

J. B. PoRTEB, Montreal, Que. — Mr. Gaudin is absolutely right in his 
statement that we must size carefully in some way or other, stuff under 
200 mesh, if we are to get any light upon the laws of crushing. Although 
these laws of crushing may seem very theoretical, they will, when satis- 
factorily worked out, be of great assistance in practical crushing. 

I have had exactly the same experience that Mr. Gaudin refers to in 
his statement that there are two classes of rock; that is, the homogeneous 
and the heterogeneous rocks. For our main crushing experiments at 
McGill University, we have been using a imiform type of rock for the 
last 10 to 15 years, namely a basic igneous tinguaite rock, which is of 
very uniform hardness and strength. 

Recently, in carrying out some sizing tests, we first crushed the rock 
through rolls and then sized and resized it into a series of grades according 
to the square root of two sieves and in the finer sizes to the square root of 
four. Each lot of this was sieved and resieved, until we got it almost 
absolutely free from undersize, and then we determined the efficiency of 
our sieves when working upon charges at varying weights and sizes. 
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With our tinguaite we found a very interesting result. The graph 
of efficiency of sieving showed a series of waves. Thatjs to say, the rock 
would easily sieve say through the 10 to 14-mesh, and we would get an 
efficiency in 1 min., sieving under standard conditions, of 80 to 90 per 
cent, of the total undersize. That amount of that particular grade 
would go through, but with another grade, let us say, 40 mesh, we would 
find that instead of the efficiency being 80 to 90 per cent., we would only 
get about 15 to 20 per cent, through in the standard time although all of 
it would go through ultimately. In the next size larger than that, we 
would get up to 60 and 70 per cent, through in the same length of test. 
Then again when on still finer stuff we got another drop and so on. 

In brief, although the rock was graded according to a fixed ratio from 
a relatively coarse mesh down to excessively fine, certain portions of it 
were very difficult to size through their proper grades of sieves, whereas 
the next grade or two above and below would be very much easier to get 
through. So the curve went in a series of waves in the range between 
10 mesh and 200 mesh, two or three high points and intermediate low 
points. 

We have another but very different type of rock that gave a smooth 
curve, of increasing difficulty as it became finer, but quite different from 
the tinguaite that gave the wavy line, and our experiments generally 
speaking, support Mr. Gaudin’s contention and also indicate that you 
must modify your sieves somewhat from any uniform size ratio if you 
want to get anything like equal portions or equal ease of sieving in 
successive sizes. 

A. M. Gatjdin. — I want again to stress the importance of sizing —200- 
mesh material. I computed that if we were to picture the smallest grain 
of —200-mesh material as the size of a sand grain, the largest one would 
be the size of the Woolworth building, or somewhere near that. 

C. P. McCormack, Cleveland, O. — Mr. Gaudin, what size do you 
consider in —200-mesh approaches a colloid, and what are you going to 
do with that in moving it for crushing? 

A. M. Gaudin. — I imagine colloids run from about one or two 
microns to about 0.01 or 0. 1 . I have graded — 200-mesh material from 7 5 
down to 5 microns. These various graded products, notwithstanding 
their small size, still look like sand and feel gritty to the teeth. 

L. F. Clark, New York, N. Y.— As I understand it the efficiency of 
this grinding operation is based, according to Mr. Gaudin, on the change 
in area of the various particles, taking the area of the feed against the 
area of the product. If we consider ball milling as a contact of points 
and rod milling as a contact of lines, I would like to know if one could 
consider the fall of the stamp as contact of surfaces? From this the 



312 


AN INVESTIGATION OP CRUSHING PHENOMENA 


product of a single impact could be obtained that would be a simpler 
point of attack from which to figure efficiency of crushing. That is to 
say, the action in a ball or rod mill is very complicated, whereas in a 
stamp it would be very much simpler, and it would seem to me that the 
product of a single fall of a stamp would furnish a measurable action for 
calculating the efficiency where a definite single energy impact would also 
be known. 

A. M. Gaudin. — I believe with Mr. Clark, that the crushing action in 
practical stamp milling may be considered as caused by a contact of sur- 
faces, but I do not think this makes the ordinary stamp mill a theoretically 
simpler crushing unit. Most crushing machines present a sizing action 
of one kind or another. The jaw crusher, for instance, has a sizing action 
on particles larger than the set of the jaws. The gyratory crusher also 
exerts a sizing action on particles larger than the set of the crusher. In a 
rod mill, large particles keep small particles from being crushed, which is 
not the case to the same extent with a ball mill. The proof lies in the fact 
that although the curvature of a 1-in. rod is the same as that of a 1-in. 
ball, yet the 1-in. rods will nip particles of a size that 1-in. balls cannot 
nip. The reason for that is that the rods will break particles without 
coming in contact, whereas the balls apparently have to come in actual 
contact. This indicates that there is a single action in a rod mill. In a 
stamp mill, there are several sizing actions: One is due to the stamp com- 
ing down on the shoe; another to the water which removes the fines; and 
still another to the screen. The existence of these numerous sizing 
actions makes the action of crushing by stamping a more complicated 
problem rather than a simpler one as compared with the action of crush- 
ing in a ball mill. 

Further advantages of a ball mill as compared with a stamp mill are 
ease of operation and the possiblity of operating on a comparatively 
small unit. 

On the other hand, carefully conducted tests with single-drop stamps, 
in which the height of drop and amount of material was under control, 
would seem to be an excellent point of attack to determine crushing 
efficiency. Such tests, however, would have the disadvantage of being 
still further removed from practice than batch-ball-mill or batch-rod-mill 
tests would. 

J. H. Lewis, Berkeley, Calif. — I should like to know the formula 
for spring tension of the rolls under operation. 

A. F. Taggart, New York, N. Y. — It is my observation that the 
usual method of determining operating spring tensions is to make them 
as great as possible without breaking the roll. The general tendency is 
to tighten until something goes wrong, then the operator decides that 
the springs cannot be tightened that much. Generally, the tighter the 
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springs the more crushing is done at one passage of material. The 
only loose-spring, high-capacity practice that I know is in some of the 
large copper mills where rolls are choked with an enormous closed circuit. 

J. H. Lewis. — They are operating at the closed circuit more than 
they used to; the spring tension is very much lower than it used to be. 

Another question I would like to discuss is: In ball-mill operation 
in open-circuit work, it is usually necessary to have a certain amount of 
fines in with the feed ; that is, the ultimate production of crushing will be 
greater with a certain amount of fines in the feed than with no fines 
whatever. That seems to contradict Mr. Gaudin’s statement relative to 
washing out the slimes as fast as they were reduced. 

B. R. Bates, New York, N. Y. — May it not mean that a certain 
amount of fines that will stick to the grinding material is required? If 
you have enough fines to make up a pulp that will stick to those surfaces, 
when they fall, they do the crushing; whereas if they are perfectly clean, 
your product all more or less is down at the bottom — it is not being 
crushed between the falling balls. 

J. H. Lewis. — In other words, the fine slime in the mass of feed has 
the effect of keeping the largest particles more mixed in the mass of balls, 
is that it? 

B. R. Bates. — I think so. That was brought out in work done at 
the plant of the Utah Copper Co. If you remove all the slimes, the 
capacity of the mill diminishes. It is necessary to have a certain amount 
of fines that will give a pulp. 

A. F. Taggart. — The apparent liquidity of a pulp that is made up of 
water and sized particles is very different, as you know, from the apparent 
liquidity of a pulp containing the same amount moisture but with fine 
material in it. The fine material makes the pulp viscous and thereby 
makes it disperse through the mass of crushing media. This is the 
explanation for the higher capacities on feeds containing some slime. 

J. A. Baker, Newfield, N. J. — Some small-scale experiments which 
we have made by adding a certain percentage of slimes to the suspension 
of sand and grinding it, did not support the contention that the slimes 
assisted the bearing of it, but it brought out the fact that a very small 
variation in dilution made a very large difference in the crushing effi- 
ciency. That point should be considered also before arriving at a 
final decision. 

If you had a certain critical density, did a move either side of that 
density result in a decrease of grinding? 

J. A. Baker. — It did. 

A. F. Taggart. — What was the critical density? 



814 


AN INVBSTIOATION OF CBTTSHINa FHBNOUBNA 


J. A. Bakes. — I oaimot give you the figure offhand, but it is a matter 
of record. 

A. F. Taggabt. — What was the effect in the mill when you exceeded 
the critical density? Did you get difficulty in discharge? 

J. A. Bakes. — T he experiment was performed on the batch basis. 

C. J. Gundeboth, Milwaukee, Wis. — ^Have you ever heard of rolls 
built with a hydraulic resistance to take the place of springs? 

J. A. Lewis. — ^There is a manufacturing concern that is experimenting 
on hydraulic resistance in place of springs. 

C. P. McCobmack. — In grinding — 200-mesh material to — 450 mesh, 
would it be necessary to size below 200 mesh to get the best efficiency? 

A. M. Gattdin. — I think, if it holds true that classification in closed 
circuit with grinding is desirable at 200 mesh, that the same would hold 
true to around 400 mesh. 

Mr. Baker, with reference to the tests that you mentioned in which 
you investigated the effect of dilution on wet-crushing efficiency, was 
dilution the only variable in the tests named? 

J. A. Bakeb. — The dilution was the only variable in one series of 
tests, and the amount of slime was the other variable. 

A. M. Gaudin. — In the tests where the dilution was the only variable, 
how did efficiency vary with dilution, in the range of 25 to 50 per cent, 
of dilution? ' 

J. A. Bakeb. — We did not cover so wide a range. We were working 
around 25 per cent, moisture, probably 30 to 35, and our test brought 
out that that dilution was very critical, that ordinarily around 30 to 
45 per cent, dilution was suitable for a tube mill, that in a fine mill you 
might find about 30 to 35 per cent, dilution. 

A. M. Gattdin. — ^What were the efficiencies? 

G. M. Dabby, Westport, Conn. — The efficiency dropped off more 
rapidly as you went up in the dilution. 

A. M. Gattdin. — Which might indicate that at around 15 or 20 per 
cent, dilution, you would have higher efficiencies, would it not? 

G. M. Dabby. — We concluded that you might bring up the dilution 
as you increased the number of small particles. 

B. R. Bates. — The dilution would depend considerably upon the 
characteristics of the material. If you were on Witwatersrand ore, 
which has a very small amount of what we normally call slimes or colloidal 
material, it would probably require less dilution than if you were working 
on a slimy ore such as we have in Mexico. The object would be to get a 
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certain viscosity of pulp within your tube mill; one that would stick 
to the balls. 

A. F. Taggart. — If you work from below the capacity of the mill, 
the results when the dilution is changed are not at all distinctive. We 
did some work recently in the laboratory at Columbia — a student run — 
in which three distinctly different dilutions were given in the instructions, 
in operating a rod mill, and the screen tests checked so closely that they 
might have been duplicate tests on the same sample, rather than screen 
tests taken for three different samples. We were feeding under capacity 
for the mill in each particular run. In other work, when the mill was 
being fed up to capacity in each case and when it was being operated to 
produce a given character of overflow or a given character of discharge, 
the changes in dilution were noticeable. 

A. M. Gaudin. — The tests mentioned by Prof. Taggart, were made 
with Manhattan schist, a heterogeneous rock, most of the material 
produced being broken at the size of preferential breaking, which effect 
may very well have masked some influence of dilution that might be 
better shown with a homogeneous rock. 

C. E. Locke, Cambridge, Mass. — The author subscribes to the 
theory having to do with the angle of nip of rods in the rod mill. This 
theory appeared about a year or more ago, and I was unable in my own 
mind to accept it fully. It seemed to me that the rods in a rod mill 
were not exactly similar to rolls in that rolls are set a definite distance 
apart and must necessarily nip the particles in order to effect a crushing, 
whereas the main crushing action of rods could form actual movement 
of rods relative to one another. At one instant two rods may be receding 
from one another and the space between them becomes occupied by ore. 
Later, these two rods approach one another and the ore is crushed by 
direct pressure. In this case the only application of the nip theory is in 
determining how far the zone of crushing will extend each side of the 
center line joining the axes of the two rods. In other words, a particle 
on the center line will be crushed, no matter how big it is, but particles 
off the center line will be held and crushed if their angle of nip is small 
or will be forced out and remain intact if their angle of nip is large. 

I take it that you do not describe similarity between rod-mill and 
roll-mill angles of nip. 

A. M. Gaudin. — In tests performed with experimental rod mills at 
Columbia, the coeflScient of friction would have to be about 0.9 if it is 
assumed that the rods came together. I believe the extreme values 
for the coefficient of friction as given are 0.3 and 0.7. The conclusion 
is then that the rods do not actually come in contact but are kept apart 
by grains of rock. Another reason to discard the possibility of a coeffi- 
cient of friction of 0.9 in rod milling is gained by experience with ball 
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millin g in which I have shown that the maximum coefficient of friction 
is about 0.4. 

C. E. Locke. — Is it not true that there is the possibility of the same 
action in the rod mill as we get with the jaws, which would account for 
that high angle of nip which you computed? 

A. M. Gaudin. — I believe that there is a possibility of the action in a 
rod mill being similar to that obtained in a jaw crusher, but such an 
action does not differ much from the crushing action in rolls. 

L, T. WoBK, New York, N. Y. — Has Mr. Gaudin any particular 
method of sizing microscopically as compared with the sieve method? 
That difference in the sizing has to be correlated. 

A. M. Gaudin. — No matter how large the difference will be between 
microscopic and other methods of sizing they will always be insignificant 
in comparison with the differences in size between, let us say 200-mesh 
grain and 5-micron particles, 5 micron and 0.1 micron particles, etc. So 
that although it is important to keep in mind the existence of difference 
there, they should not be overestimated. In a few cases I have made 
comparative sizing tests by microscope and settling. I have found 
some differences between these: The microscope will generally show 
coarser —200-mesh material than settling because particles will lie 
flat on the slide so as to show the two largest dimensions, and the 
two largest dimensions are not the controlling dimensions in determining 
settling velocities. 

L. T. Work. — In some of my own experimental work and in the work 
of the Bureau of Standards, it was found that when a particle is lying 
flat, it has its two larger dimensions visible in the microscope, and that 
the shorter dimension is equivalent to the diagonal of a 200-mesh screen. 
This sometimes helps in correlating the difference between the 
microscopical sizing and the screen sizing. 

R. H. Richards, Cambridge, Mass. — I have always considered that 
if you had length, breadth and thickness, the length being the greatest 
and the thickness the least, that if you took the width and called that 
the size of the grading, you came about as near as any basis upon which 
you could work. 
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Chloridizing Mill of the Standard Reduction Co. 

By H. P. Allen* and Wm. C. Madge,! Salt Lake City, Utah 

(Salt Lake City Meeting, September, 1925) 

The chloridizing mill of the Standard Reduction Co. is located about 
75 miles south of Salt Lake City on the Tintic branch of the Denver & 
Rio Grande Western R. R. and 12 miles from the Tintic Standard mine. 
The daily capacity is 200 tons of a siliceous, low-grade, silver-lead ore 
from this property. It has operated continuously since it was started in 
January, 1921. 

The process consists essentially of a chloridizing roast followed by a 
percolating leach with a nearly saturated solution of common salt, 
acidified with sulfuric acid, the precipitation of silver on sponge copper 
and of copper and lead on tin-plate cuttings. The precipitates are ship- 
ped to a smelter. Some of the general ideas involved are said to have 
been used by Augustin in England, in 1840. A number of textbooks 
treat of the subject, especially the chloridizing roast followed by a leach 
with sodium hyposulfite or amalgamation. The process was revived in 
this district by Theo. P. Holt, N. C. Christensen, the Bureau of Mines, 
and others. 


Nature of Ore Treated 

The average assay of the ore treated during 1924 is as follows: 


Gold, ounces per ton 0 025 

Silver, ounces per ton 18.26 

Copper, per cent 0.30 

Lead, per cent 5.(X) 

Silica, per cent 65.00 

Iron, per cent 10.00 

Lime, per cent • 0.70 

Sulfur, per cent 3 . (X) 

Arsenic, per cent 0 -70 


The silver is finely disseminated and occurs as native, combined as a 
sulfide and, to a very small extent, as the chloride. The lead may be 
present as carbonate, sulfide, or sulfate. 


* Superintendent, Standard Mill, Harold, Utah, 
t Mechanical and Metallurgical Engineer, Tintic Standard Mining Go. 
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Preparation of Orb fob Roasting 

The ore is received in standard, bottom-dump, railroad oars, crushed 
to 3 in. by a Kennedy 6F gyratory, then to % in. by a 36-in. horizontal 
Symons disk. Finally the ore, with 8 per cent., salt, is run through two 
sets of AUis-Chalmers rolls, 16 by 48 in., working in series and in closed 
circuit; the final product passes through an 8-mesh screen with a clear 
opening of 0.071 in. Three Mitchell and two Colorado impacts are used 
in the roll circuit. The results of a screen test on the roll product and the 
distribution of the metals are as foUows: 






Silver, 

Copper, 

Lead, 

SCRSBN AkALTBIB 


Per Cent. 

Ounce 

Per Cent. 

Per Cent. 

On 10 mesh . . . 



0.1 

19.6 

0.19 

3.1 

Through 

10, on 

20... 

24.1 

20.6 

0.29 

3.8 


20, on 

30... 

24.5 

18.2 

0.49 

4.4 


30, on 

40... 

7.2 

17.6 

0.29 

4.3 


40, on 

50... 

7.8 

19.4 

0.29 

4.5 


50, on 

60... 

2.4 

19.3 

0.39 

5,1 


60, on 

80... 

6.6 

21.4 

0.39 

5.7 


80, on 100 

100 

3.4 

23.9 

24.6 

0.49 

7.5 


After grinding, the ore-salt mix is sampled by a mechanical sampling 
device in batches of 70 tons, each batch being run to a separate bin. For 
the purpose of furnace control, the sample is tested for its reducing power 
on litharge, which test indicates its fuel value. The latter is then 
adjusted to suit the requirements of the subsequent roasting operation by 
the addition of coal dust; this usually amounts to between 1 and 2 per 
cent. Before passing to the bins over the roasters, the mix is moistened 
with just enough water so that it will stick together as a ball when pressed 
in the hand. The actual amount of water needed will vary according to 
the fineness of the ore, but is approximately 7 per cent.; the ore, as 
received at the mill, has a moisture content of 2 to 3 per cent. The rniv is 
now ready for the roasters. 


Ore Roasted in Holt-Dbrn Furnaces 

There are nine Holt-Dern blast roasters. These consist essentially 
of a row of reenforced-concrete boxes 7 by 9 by 5 ft. deep inside, set end 
to end; on the bottom are mechanically operated grates with hoppers 
underneath. On the long side, and 30 in. above the grates, are two double 
work doors which run the full length of each furnace. Above the furnace 
are the charge bins, with four segmental gates for each furnace. Leading 
into the hopper under the grates is a pipe through whidi an air blast is 
supplied at 8 oz. pressure by a direct-connected Sturtevant fan. A com- 
mon flue, through which the gases are drawn, runs the full length of 
the furnaces. 
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These furnaces are operated as follows. Starting with a bed of hot 
calcineSi about 10 in. deep, on the grates, sufficient ore mix is let down 
from the bins to fill the furnace even with the bottom of the work doors. 
After leveling, by hand, the air gate is opened and the sulfur and coal in 
the charge, ignited by the hot calcines on the bottom, gradually bum 
upwards, and as a rule, quite evenly over the whole area of the furnace. 
This takes a little over 3 ; at the end of this time, the whole mass is at a 

dull red heat, or about 700° C. The air gate is then closed and the grates 
put into motion so that the charge is shaken into the hopper below, 
leaving enough hot calcines on the grates to ignite the next charge. The 
operation is then repeated. With each ^Mrop,^' 434 tons of calcines are 
obtained or 25 tons per furnace per 24 hr. 


Leached by Pekcolation 

As soon as convenient after shaking the calcines from the roasters, 
the gates at the bottom of the hoppers are opened and the calcines run 
into a concrete launder through which a stream of brine is flowing. This 
flushes the calcines into one of six concrete leaching tanks. These tanks 
are 28 ft. in diameter by 11 ft. deep, inside, and have a filter bottom, made 
up of crushed quartzite and two 3-in. earthenware cocks for discharge. 
A tank will hold about 225 tons of calcines when filled to within 8 or 10 in. 
of the top. After leveling, leaching is commenced. The effluent liquor 
is received in two concrete sump tanks of the same size as the leaching 
tanks. The first, and richer, part of the solution is received in one of 
these and is designated ^'pregnant solution. It ordinarily carries 
about 3 oz, per ton of silver and 14 lb. of lead. The subsequent solution 
is received in the second tank and is called ‘^weak.^' This weak solution 
is used for sluicing the calcines from the roasters and for the first 24 
to 48 hr. of the leaching period. After precipitating the metals from the 
pregnant solution, a barren liquor is obtained; this is used as the second 
leach solution over the next 48 hr. period, being received in the weak sump 
after passing through the leaching tank. Finally, each tank is washed for 
8 hr. with water, to replace the last solution, then drained and sluiced 
through two bottom gates to the sump. 


Summary of Leaching Cycle 

Sluioing from roasters to leaching tanks with weak solution 

Weak leach 

Barren leach 

Water wash 

Draining 

Sluicing tails to dump 


Houbs 

24 

48 

48 

8 

2 

8 


The amount of solution that will run through a tank of calcines in 
24 hr. varies from 200 to 300 tons. 
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Precipitation on Sponge Copper and Scrap Iron 

The pregnant solution is pumped by air lifts from the sump tank to the 
silver precipitator. This really amounts to a four-compartment 
Pachuca tank with an air lift in each compartment for agitation. Each 
compartment is 11 ft. 4 in. by 11 ft. 4 in. in cross-section and 10 ft. deep, 
to a pyramidal bottom, which adds 8 ft. to the over-all depth. It is built 
of reenforced concrete. In this, the solution is agitated with sponge 
copper to precipitate the silver, and flows through the four compartments 
in series: the fine copper is added intermittently as needed. When a 
sufficient amount of silver has accumulated in the first compartment, the 
solution is bypassed; that remaining in the compartment is decanted and 
the precipitated silver run to a filter box. Before shipping, this material 
is treated as noted later. 

The effluent from the silver precipitator runs to eight concrete boxes, 
varying in depth from 18 in. to 3 ft., by 5 ft. wide and 30 ft. long, and filled 
with tin-plate cuttings. The boxes are provided with wooden grids, on 
which the cuttings rest, and with four baffles to interrupt the flow. 
Additional scrap is put in every day and one box is thoroughly cleaned 
each day, the precipitated copper being washed to a settling box. Part of 
this is used as the precipitant of the silver; the remainder is shipped to the 
smelter. It will contain about 100 oz. of silver per ton and 50 
per cent, copper. 

The solution flowing from the eight copper boxes is pumped with an 
“Olivite^^ centrifugal to a rectangular concrete tank containing about 
1260 ft. of 13 ^-in, copper pipe through which low-pressure steam is passed. 
Thus the solution is brought to a temperature of 75° C. and is then passed 
through fifteen additional boxes, similar to the copper boxes and likewise 
filled with tin-plate cuttings. In these, the lead is precipitated. It is 
necessary to add live steam also to these boxes, to maintain the temper- 
ature. The boxes are kept as full as possible with the cuttings and two of 
them are cleaned each day, the cuttings being removed and washed and 
the lead sluiced to a drain box ; this is shipped to the smelter without dry- 
ing. A partial analysis is given below : 


Gold, oz 

0.005 

Alumina, per cent 

3.00 

Silver, oz 

6.68 

Zinc, per cent 

0.60 

Lead, per cent 

70.27 

Arsenic, per cent 

0.10 

Copper, per cent 

5.12 

Antimony, per cent 

0.10 

Insoluble, per cent 

1.70 

Bismuth 

trace 

Iron, per cent 

5.52 

Tin 

trace 


Moisture content as shipped 21.38 per cent. 


When using tin-plate cuttings, it has been found advantageous to 
remove first the tin coating; this is accomplished by treating them with a 
solution of caustic soda containing a small amount of litharge. The 
following reaction is involved. 

2PbO + 2NaOH + Sn = NaaO.SnOj + 2Pb + HjO 
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The lead oxide is obtained by simply heating the lead precipitate in 
contact with air. The bales of scrap are loosened, placed in shallow iron 
boxes, and the caustic solution circulated through it, having in the circuits 
small steam coil for heating. The tin at present is not recovered. The 
method is outlined in Schnabel, Vol. 2, page 541. 

Additional Treatment Given Silver Precipitates before Shipment 

The precipitate, as taken from the silver precipitator, will run 30 per 
cent, silver (8750 oz.), 15 per cent, copper, 2 per cent, lead, 25 per cent, 
arsenic, and 1 to 2 per cent, antimony, the remainder being largely insolu- 
ble, iron, and alumina. After washing and draining, this is placed on a 
small reverberatory hearth and heated slowly with an oil flame to dry. 
The temperature is then increased somewhat, when about 60 per cent, of 
the arsenic will be volatilized, the fume being caught in small bags. 
When the fumes are no longer emitted, the material is brought to a dull 
red heat and the copper oxidized. The product is then removed from 
the furnace, the lumps broken, and leached with a hot 25 per cent, sulfuric 
acid solution ; this reduces the copper to about 1 per cent, and the arsenic 
to less than 0.75 per cent. Finally it is dried, sacked, and shipped, by 
express, to the smelter. It will run from 10,000 to 14,000 oz. silver per ton. 

Recoveries and Costs 

The recoveries of both silver and lead have gradually improved and, 
at present, the following can be consistently obtained. Gold none; silver, 
89.8 per cent. ; lead, 65.7 per cent. ; copper, 52.2 per cent. 

The following cost data represent the average for the year, 1924. 


Cost of Mill Treatment per Dry Ton 


Dept. 

1 

2 

3 

4 

5 

6 

7 

8 

Total 

Operating labor 

$0,238 

$0,244 

$0,334 

$0,109 

$0,312 

$0,113 

$0,233 

$0,110 

$1 . 738 

Operating supplies 

0.071 

0.510* 

0.192 

0.112 

0.321 

0.065 

0.040 

0.008 

1.319 

Repair labor 

0.099 

0.130 

0.181 

0.019 

0.053 

0.004 

0.067 


0.553 

Repair supplies. . 

0.175 

0.174 

0.099 

0.013 

0.028 

0.006 

0.044 


0.539 

Power 

0.086 

0.090 

0.084 

0.005 

0.007 

0.002 

0.009 


0.283 

Total 

.714 

1.148 

0.890 

0.258 

0.721 

0.190 

0.393 

0.118 

4.432 


« Includes the cost of all salt. 


Department 1, unloading, crushing and grinding; 2, roasting; 3, leach- 
ing and precipitating silver and copper; 4, silver-product treatment; 
5, lead precipitation; 6, chemical laboratory; 7, undistributed; 8, office and 
supervision. 


Average labor wage per 8 hr. day $5.00 

Salt costs, f.o.b. mill, per ton 4.00 

Slack coal, f.o.b. mill, per ton 3.05 

Tin-plate cuttings, f.o.b. mill, per ton 18,00 

VOL. LXXIII. — 21 , 





322 CHLORIDIZING MILL OF THE STANDARD REDUCTION COMPANY 

The cost of all experimental work to improve recoveries or operation 
is included in the above. 

Miscellaneous Observations 
Roasting 

Probably the roasting operation is the most satisfactory step in the 
process, whereas formerly roasting apparently caused much trouble on 
account of the volatilization of the silver and the skill required to obtain 
good chloridization. Using this method, with a reasonable amount of 
attention, there is only a negligible silver volatilization loss and a good con- 
version usually results. While it is an intermittent operation, two men 
per 8-hr. shift will roast 75 tons of ore and have time to spare. 

As in most furnace operations, some points must be carefully watched, 
especially those regarding the preparation of the mix. While 8 to 10 per 
cent, of salt is used, a satisfactory chloridization may be obtained in the 
furnace with 5 to 6 per cent. ; the balance is used to maintain a high 
chlorine concentration in the leaching solution. No detrimental effect 
has been observed when using this large excess, unless it is when the fur- 
naces are running a little hot; then the salt may fuse, making the calcines 
slightly more difficult to shake through the grates. A thorough mixing 
of the salt is essential. The salt used is commonly known as ‘^smelter 
salt’’ and is obtained from the Morton Salt Co. at Burmeister, Utah. It 
is shipped in bulk in bottom-dump cars and is handled the same as ore. 
In size, the crystals vary up to possibly in* Salt containing a large 
proportion of fines, or dairy salt,” is more difficult to pass through the 
plant, as it hangs up in all the bins. The salt, as received, is quite pure, 
samples usually showing a chlorine content equivalent to 97 per cent. 
NaCl. 

It has been found in blast-roasting Tintic Standard ore, that for the 
most favorable operating conditions the sulfur permissible in the 
mix must be between 2 and 4 per cent. Good chemical results have been 
obtained with 1 per cent, sulfur, the balance of the fuel necessary being 
made up with fine coal; but the tendency on low-sulfur charges is toward 
uneven burning and a rapid loss of heat during the recharging period. 
Above 4 per cent, sulfur. Standard ore fuses too easily so that the resulting 
calcines are caked or sintered in hard lumps, which require a long time to 
shake through the grates. It is not the additional sulfur in itself that 
causes the fusion but the fusion point of the whole charge is lowered by the 
addition of the sulfide ore. With a high-sulfur charge, when the rate of 
burning is decreased by decreasing the air supply, the fusion still 
takes place. 

The sulfur content is determined by fusion with litharge; this is 
supposed to be the sulfide sulfur but, of course, any other material that 
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will reduce litharge will be reported as sulfur. It is the heating value of 
the charge that is sought. Some idea of the requirements in the charge 
may be obtained by noting that with a 3 per cent, sulfur per cent, 
coal is used; and as the sulfur changes, the coal is varied using the ratio 
sulfur: coal == 1 : 0.65. This method of adjusting the fuel value is purely 
empirical but commercially uniform results are obtained. It would be 
desirable to have a calorimeter determination on the roaster charge, but 
this is difficult for the total heat value is so low that an undue portion of 
some substance with a high heat value must be added in order to get the 
calorimeter charge to burn. However, some good work along this line 
has been done by the Salt Lake station of the Bureau of Mines and it is 
quite possible that a more satisfactory method for furnace control will be 
worked out. 

The quantity of water in the mix is important. Water is added 
primarily for the purpose of agglomeration and so forming a more porous 
orebed. It is supposed to assist in the chloridization, also, by the forma- 
tion of hydrochloric acid. Too much water makes a hard calcine; too 
little makes slow roasters with a tendency to be spotty.^’ If the ore just 
sticks together when pressed in the hand it is about right. This is 
another unscientific procedure but moisture determinations are useless; 
7 per cent, water is close to the amount usually needed with the present 
size of ore feed. 

It would probably be difficult, surely slower, to blast-roast the ore 
if ground finer than it now is although no work has been done with 
increased blast pressure. 

It does not require a great deal of skill to operate the roasters properly 
but the results obtained are largely dependent on the conscientiousness of 
the firemen. The roaster should be ‘‘dropped^' immediately the oper- 
ation is completed, thus the heat in the charge is conserved and a good 
ignition obtained on the next round; also, the calcines remaining on the 
grates should be leveled and care taken that there are hot calcines over the 
whole earth area. Spots that are a little cold should be covered with 
hot calcines from one of the other furnaces, or the next charge will develop 
dead spots, which must then be shoveled out or poor results obtained. 

Leaching 

Presumably, the silver has been converted to the chloride or sulfate 
in the roasters. (About half of it is soluble in strong ammonium 
hydroxide.) A strong brine is used for leaching but after having made the 
round trip through the plant a few times, it contains small amount of 
many substances. A number of determinations are made every day on 
the pregnant solution, the following being an example. 
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Specifio gravity 1 .24 to 1 .30 

Acid, lb. per ton expressed as H2SO4 2 to 6 

Silver, oz., per ton 3 to 5 

Lead, per cent. (10 to 30 lb. per ton) 0 . 5 to 1 . 6 

Copper, per cent .0.1 

Chlorine, per cent 12 to 15 

Sulfur, per cent 0 . 75 to 1 . 2 

Iron, per cent 1 to 2 


The amount of salts in solution is so small as to be almost 

indeterminable, the solution oxidizing very slowly in contact with air. 
This is unfortunate as the higher oxidized forms of both iron and copper, 
when dissolved in the brine solution, are good solvents for metallic silver 
and the sulfide, should these chance to escape the action of the roasters. 



0 0.05 0.10 0.15 '0.20 0.25 0.30 035 0.40 0.45 050 
Per Cent Copper in Solution 

Fig. 1. 


It is interesting to note the effect of the addition of very small amounts 
of copper sulfate to a fresh brine solution in its action on Tintic 
Standard ore without roasting, as shown by Fig. 1. The sample was 
ground to pass 120 mesh and leached by agitation, first with brine to 
which different amounts of copper sulfate were added and then, for the 
sake of comparison, a second portion with a brine carrying different 
amounts of sulfuric acid. 

A small amount of free acid is necessary for consistent results in the 
solution of the silver. At times, especially when a rapid leach is made, a 
neutral brine dissolves the silver, but in the routine of plant leaching it is 
decidedly unsafe to allow the solution to approach neutrality more closely 
than is shown in the analysis. The silver is dissolved when using a solu- 
tion short of acid and is then precipitated in the leaching tank, for while 
the top portion of the tailings will have a normal silver content the lower 
portions will steadily grow richer until they contain more than the 
original heads. But a small part of this silver can be dissolved when 
the tails are subjected to further leaching with solutions highly acidified. 
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Just what substances in the calcines cause this precipitation have not been 
determined. Lime, which exists in the ore up to 1.5 per cent, zinc, 
which seldom runs as high as 0.3 per cent., and metallic iron, introduced 
in grinding, have been investigated as possible interfering elements but 
no definite data obtained show that any of these could be the cause of 
the trouble. 

The acid content of the solution is maintained for the most part by 
the direct addition of 66° sulfuric acid, although a small amount is 
absorbed by passing the solution through a spray chamber in the roaster 
flue system. 

Iron even in the ^^-ous^^ state probably aids in the solution of the 
silver. Total iron seldom builds up as high as 2 per cent, in the solution 
in spite of the fact that all the precipitating of the metals is, in reality, 
done with scrap iron and no effort is made to remove it. 



Fig. 2. 


Trouble has been experienced when working with a solution saturated 
with respect to salt; i, e,, one from which salt will separate on standing a 
short time. Being a denser, more syruplike liquid, it percolates more 
slowly and it does not seem to have the dissolving power for silver that a 
slightly weaker solution has. This is contrary to accepted solubility 
data as to silver chloride in brine. More acid will not correct the trouble; 
in fact this diflSculty is not at all times apparent. No good reason has 
been found as to why this is so. 

The mill solutions will carry between 25 and 30 oz. of silver per ton; 
as this concentration is not approached in practice, the solution has ample 
carrying capacity for silver. Dissolving the lead, however, is quite a 
different problem. Nearly all of the lead in the calcines is considered as 
being present as the sulfate and not as the chloride. It is well known that 
the amount of this substance that a brine will carry is dependent on the 
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solution temperature; chlorine concentration, and sulfate content. The 
most difficult of these to control is the sulfate content and, while a number 
of schemes for removing this have been suggested, including freezing, 
evaporation, and the addition of various reagents, few have much merit 
commerically. By keeping the sulfate content of the leaching solutions 
down to 2 per cent, or under, expressed as Na 2 S 04 , it would be possible to 
obtain about 134 tons additional lead per day. 

The effect of sulfates is shown in Table 1 (and graphically in Fig. 2), 
to obtain which, an excess of lead sulfate was left in contact with a brine 
solution containing 26 per cent, salt and the different amounts of sodium 
sulfate given, until it would dissolve no more. Also, the improvement by 
increased temperature is shown. It will be noted that the solutions with 
the large amounts of sulfate are not benefited as greatly by raising the 
temperature as those low in sulfates. 


Table 1 


NasS04 in Solution, 
Grama per 100 c.c. 

Per Cent. Lead Carried by Solution after Saturation with PbS04 

at 22® C. 

at 60® C. 

at 76® C. 

none 

1.20 

1 

1.96 

2.23 

1 

1.13 

1.58 

1.86 

2 

1.07 

1.15 1 

1.45 

3 

1.00 

0.97 

1.27 

4 

0.84 

0.79 

1.13 

5 

0.73 1 

i 1 

0.69 

0.91 

1 


Calcium chloride was long ago recommended as a precipitant for these 
objectionable sulfates, but 70 to 75 per cent. CaCU costs $41.90 per ton 
delivered to the mill and it would require at least 5 tons a day. That 
this reagent improves the solution as a lead solvent is shown by the follow- 
ing experimental data. In this case, the plant solution was treated with 
different amounts of the calcium chloride to obtain the varying sulfate 
contents indicated. Lead sulfate was left in contact with frequent stirring 
until the solution would no longer dissolve it. 

3O4 IN Solution, 


Test Number 

Per Cent. 

Lead Dissolved, Per Cent. 

1 

4.41 

1.21 

2 

2.85 

1.51 

3 

1,62 

1.83 

4 

0.32 

2.25 

5 

0.13 

2.47 

6 

0.14 

2.42 


Slacked lime may be used in place of part of the calcium chloride, but 
alone it apparently acts as a precipitant for the sulfates only when there 
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is iron in the solution, the resultant precipitate being a basic sulfate of 
iron. This is a very disagreeable material to handle as it is bulky and 
gelatinous. Also, lime acts very slowly and requires long agitation with 
the liquor to obtain efficient results. Finally, it is preferable to carry iron 
in solution. 

To discard enough solution each day to control the sulfate content has 
been suggested, but this had no attraction commerically as it would 
require some 50 tons of salt. 

About the most feasible plan, probably, is to increase the number of 
leaching tanks, thus allowing sufficient time to pass the desired amount of 
solution through the calcines; then the only added operating expense 
would be the cost of circulating the solution. In line with this, one of 
the tanks was held in the mill circuit for nine days as an experiment and 
an extraction of 92.5 per cent, of the lead was obtained. 

Precipitation 

Each day 1000 tons of pregnant solution are delivered to the precipi- 
tating department and the silver precipitated first by means of the copper 
afterwards obtained in the iron boxes. Working in this manner, the 
copper is never completely replaced by the silver. When the material 
reaches a copper content of about 15 per cent., the remaining copper 
behaves as though it were coated with some protecting substance and the 
silver begins to dissolve. The difficulty has been attributed to arsenic 
which is thrown down in the metallic state in both the silver precipitator 
and iron boxes. The remaining copper is not soluble in weak acids. 

Of the precipitation of copper on iron, little need be said as the opera- 
tion is common practice. As the copper product is used in an agitating 
apparatus with a continuous overflow, it is desirable to have it coarse or 
granular so that it will not float out of the silver precipitator. Large 
pieces of cast scrap give a more granular precipitate than light tin plate 
but the latter has the advantage of increased surface and makes a reagent 
free from adhering foreign matter that usually accompanies ordinary 
scrap iron. On the other hand, where it is necessary to keep the precipi- 
tator boxes filled at all times, the cuttings are more difficult to wash. 

In the precipitation of lead on iron, the solution must be maintained 
at a relatively high temperature in order to get a sufficiently rapid action ; 
75° C. secures satisfactory results with the present precipitating capacity, 
but the solution must come in contact with the iron and not be allowed 
a chance to bypass. As now conducted, the cleaning of the boxes calls 
for a high labor charge, but without doubt this can be greatly improved* 
should it be decided to continue the use of tin-plate cuttings as the 
precipitant. 
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Structubal and Mechanical Features 

The process described was adopted after numerous tests made on the 
ore with various processes, such as concentration, flotation, volatilization, 
and cyanide, as it gave a higher and more consistent recovery at a reason- 
able cost than any of these. Owing to its nature, however, materials 
that could be used in the construction of the plant were practically 
limited to wood, siliceous concrete, and rubber. The structural and 
mechanical features may be of some interest. The general flow plan. 
Fig. 3, approximately indicates the arrangement and flow of ore and solu- 



tions through the mill. The general ground arrangement of the plant, 
which is situated on a hillside, having a slope of 29° is shown in Fig. 4. 

The railroad, entering the plant below the main mill building, delivers 
ore, salt and coal to bins, and the preliminary crushing plant, from which 
they are hoisted, in 45-cu. ft. skips, up a double-track incline, to a con- 
veyor distributing to the storage bins at the top of the mill. A service 
tramway, with skip operated by a 50-hp. hoist, runs from the bottom of 
the hill alongside the mill building to the top ground floor, serving all 
floor levels, together with the machine shop, laboratory, warehouse, 
crushing plant, and carpenter shop, which are situated along this tram. 
The warehouse is also on the railroad; and all materials received can be 
delivered to any department of the plant with this skip. 




9-,8S 
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Buildings 

The buildings are of wood, the sides being covered with a double 
thickness of 1-in. boards, with 40-lb. building paper between, and the 
roofs with extra heavy Rubberoid laid on 1-in. boards. 

The main mill building is approximately 282 ft. long and 182 ft. wide, 
with an extreme height of 40 ft. and an average height of 24 ft. There 
are no special features in the design, but all floors or sections spanned by 
trusses are of the same width, 33 ft., so that all trusses are exactly alike, 
which results in economy in construction. The slope of the roofs was 



so made that, with this span, a minimum of material consistent with 
required strength was realized. All bents are 13 ft. wide. All founda- 
tions and retaining walls are of reinforced siliceous concrete, and all the 
ground in the wet part of the mill is covered with a concrete coating, 
terminating in a general drainage sump in the lower end of the mill. 
Figs. 5 and 6 show the general plan and general cross-section, or sectional 
elevation of the mill. 


Crushing 

The tests indicated that the finer the crushing, the better was the 
recovery; but at the same time a granular product was necessary for the 
roasting and leaching operations. So in the design, attention was first 
directed to this step in the process and a crushing scheme was adopted 
and equipment selected that would fulfil this condition to the fullest 
extent possible. These are indicated on the general flow plan; the screen 
analysis previously given shows the product realized. 
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A gyratory followed by a Symons disk for the preliminary or coarse 
crushing, and large rolls and screens, in series, the screens preceding the 
rolls, so that fines are eliminated as fast as produced without further 
grinding, were adopted as being the most suitable for producing the 
desired result. The centrifugal action of the Symons in immediately 
discharging everything below the size to which the disks are set produces 
a minimum of fines; and as the ore is dry, the machine gives no particular 
trouble. One set of manganese-steel disks crushes between 40,000 and 

50.000 tons. An electromagnet is suspended over the short conveyor 
belt between the gyratory and Symons disk to remove tramp iron. 
Expressed in terms of original ore, the life of the coarse roll shells is about 

25.000 tons; and of the fine roll shells about 30,000 tons. Each shell 
weighs 3000 lb. 

The gyratory and Symons disk are driven from a line shaft by a 
50-hp. motor, and run about 5 hr. out of the 24. A 125-hp. motor drives 
the rolls and elevators through a line shaft; they run about 20 hr. daily. 

The fine ore and coal are withdrawn from the fine storage bins into 
a hoppered scale car, carr3ring 3000 lb., which is propelled by trolley and 
discharges into an ordinary tilting concrete mixer, which, in turn, delivers 
through hopper and belt feeder to an elevator. A belt conveyor receives 
the discharge of the elevator, and delivers it to a paddle mixer, where it 
is moistened. A shuttle conveyor directly beneath the paddle mixer 
distributes the product to the roaster bins. 

Holt-Dern Roasters 

The inception and early development of the roaster is described by 
Theo. P. Holt;^ as used in this plant, it is shown in Fig. 7. There are 
nine of these — seven in one bank and two in another. The general 
structure is of reenforced, siliceous concrete. The roasting chamber sides 
are steel plate, lined with 6 in. of concrete; the ends, which are 

formed by the 10-in. partition walls, have also an additional 6-in. con- 
crete lining. This lining gradually disintegrates and must be renewed 
about once a year. 

At the bottom of the roasting chamber, there are fifteen rocking 
grates, 7 ft. long, spaced 7^ in. apart. Each consists of a 23^^-in. 
square steel shaft, passing through the cast-iron grate bars, which are 
made in sections 21 in. long, and are shown in cross-section. They have 
four longitudinal ribs, 13^ to 2 in. high, 90° apart, the vertical ribs being 
solid, while the horizontal ribs are notched for free passage of the air 
through the grates. When the top rib is worn down, the shaft is turned 
over and the opposite rib used; when both are worn they are replaced 
with new bars. Th^ bars wear about IJ^ years. The grates rock 
through an an^e of 60°, and are actuated in pairs by segmental gears 


^Trails. (1914) 49 , 188. 
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on each shaft, which are given a reciprocating motion through connecting 
rods by two main cranks. These are revolved through bevel gears and 
pinions from a line shaft, each {union being attached to a friction clutch, 
which is keyed to the shaft. Thus half of the grates in a roaster can be 
0 {}erated at a time, and the starting load is only one-half as large. The 
grate shafts pass through stuffingboxes, with glands in cast-iron plates, 
in each side of the roaster. On the gear, or driving, side, they turn in 
rigid bearings that are supported on a cast-iron filling piece resting on a 
12-in. I-beam; on the opposite side, the glands of the stuffingboxes 
serve as bearings. The bearings are 8{)ecially designed, with caps fitting 



Fig. 7. — Holt-Dern roaster. 


accurately in deeply machined grooves and a dowel between the bases 
and the cast-iron support, so that the shafts are held firmly in place. 
The gears are thus held in mesh alyays on their pitch lines and there is 
no sliding contact, so that the wear of the teeth is reduced to a minimum 
and any lost motion is prevented in the movement of the grates an 
important feature. The whole mechanism is so designed that any bear- 
ing, or any other part, can be quickly and easily repaired or replaced, so 
that there may be no delays in the operation of the roaster and the roast 
can always be quickly discharged. The line shaft is driven by a 15-hp. 
motor on each end, one of which is a spare; from 2 to 5 hp. is required 
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for each motor after starting. If the charge is “hard/’ or partly sintered, 
double this power is sometimes required to start the grates. From 5 to 
15 min. are required to “drop” or discharge the roasted charge. 

The Sturtevant gas blower, supplying air to the nine roasters at 8 oz. 
pressure, has a capacity of 15,000 cu. ft. per min., and is direct connected 
to a 75-hp., 1800-r.p.m. motor. There are two of these, one being kept 
in reserve. 

The gases issuing from the roasters have a temperature of only 35° to 
55° C., so that an exhaust fan is necessary to remove and discharge 
them through an absorbing chamber and short stack. This fan is 



Fig. 8. — Roaster mechanism before grate shaft bearings were added. 


72 in. in diameter, 35 in. wide, and is housed in a concrete casing. 
It is driven by a 15-hp. motor at 250 r.p.m. Originally, the fan runner 
was completely rubber covered; now only the spider is rubber covered and 
the blades, which are of steel, are painted with six coats of elaterite 

paint. ' This coating lasts three to four months. The stack is 5 ft. in 
diameter and 40 ft. high and rests on top of the fan casing. It is made of 
3 by 6-in. plank with round iron bands, similar to wood-stave pipe. 

Leaching Tanks, Precipit4.ting Boxes, and Tanks 

These are all of reenforced, siliceous, concrete, and great care was 
exercised in the designs, preparation of the materials, and placing of the 
concrete. The aggregate was composed of crushed quartzite, taken 
from one of the mine dumps, and siliceous sand, part of which consisted 
of fines from crushipg the quartzite, the SiOj content being 96 per cent. 
The walls and bottom of tanks are 8 in. thick, while those of the precipita- 
tion boxes are from 5 to 7^ in. Test blocks were made in all cases, and a 
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mixture made up to stand 2500 to 3000 lb. per sq. in. in compression, 
while the reenforcing steel was calculated on a basis of 10,000 lb. per sq. in. 
safe tensile strength. The true mix varied from 1:3 to 1:4, and the 
maximum size of the aggregate was to id. The proportions of 
coarse and fine aggregate were about 65 and 35 per cent., respectively, 
and none of the concrete has shown any penetration or leakage of solu- 
tion. There are two circular discharge holes 13 in. in diam. in the bottom 



Fig. 9. — Roaster working floor. 


of each tank ; and on the underside a circular dovetail groove, % in. deep, 
13 ^^ in. wide on the bottom, and 1 in. on top was cast around each hole. 
A soft-rubber packing ring to fit this groove, and thick enough to project 
% in. from the concrete is inserted. The gate, made of two thicknesses of 
3-in. plank, doweled together with wooden pins, is drawn up against the 
rubber packing ring by means of a rubber-covered 134 "iD« rod extending 
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through the tank and a beam 2 ft. above the top, which is supported by 
two posts resting on the tank bottom. The two 3-in. stoneware cocks 
for discharging solution are screwed into wooden nipples set in the sides 
of the tank just at the bottom. The quartzite gravel, forming the filter 
bottom, rests on triangular strips that are supported by 2 by 4-in. pieces 
l5dng on the tank bottom. These strips were made by ripping 6 by 6-in. 
sticks diagonally, and are held apart by small pieces. 

The silver precipitators were made of about the same mix as the leach- 
ing tanks, with the same proportion of steel; but a 1:5 mix was used in 
the construction of the copper and lead precipitation boxes. There is no 
deterioration or penetration of the concrete, even by the hot solutions 
in the lead precipitation boxes; but as these are decanted and washed 
out at frequent intervals with cold water, cracks occasionally develop, 
which are simply chipped out and filled in with a 1:1 cement mortar. 
On the other hand, the walls of the absorber chamber, where the roaster 
gases are drawn horizontally through falling sprays of solution, do not 
endure. The cement is gradually dissolved and the walls disintegrate. 
They are now protected with elaterite painted plank, which lasts over a 
year. The sides of the fan casing have also softened to a depth of % in., 
bat they remain this way without disintegrating and it has been unneces- 
sary to repair them. 

Air Lifts 

Solutions are pumped from the sump tanks at the lower end of the 
plant to the sluice launders under the roaster hopper discharge gates, the 
absorber, precipitators, and the leaching tanks with four air lifts, made of 
bored redwood pipe, two of which are 5 in. and two 4 in. inside diameter. 
These lifts are supported by the tower shown near the lower end of the 
mill in Fig. 6. The net lift is 60 ft. above the top of the tanks, and sub- 
mergence is obtained by a two-compartment concrete-lined shaft 60 ft. 
deep, connected with the sumps. A 1-in. rubber-covered air hose enters 
each of the pumps a few feet above the top of the tanks, and extends down 
to about 18 in. from the bottom. The pipe lengths are from 8 to 14 ft. 
and the joints of the submerged portion are held together with four 2 by 
10-in. planks 5 ft. long, doweled to the pipe with wooden pins. Iron 
clamps, 2 to 3 ft. apart, are put on the unsubmerged part to prevent 
splitting. Each pump terminates, on top, in a discharge barrel 32 in. 
in diameter and 42 in. deep, which discharges into a launder. Air is 
supplied at 40 lb. pressure for the air lifts and silver precipitators by three 
motor-driven compressors, having a total capacity of 900 cu. ft., which is 
more than ample, so that when repairs are necessary on any one, pumping 
is not interfered with. The 5-in. pumps will each handle 130 gal, per min., 
and the 4-in., 110 gal. These air lifts are quite satisfactory, except that 
occasionally a crack develops in the submerged portion, requiring the 
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pulling of the pump and replacing of the broken length; which is slow, 
arduous, and somewhat expensive. Two 2-in. centrifugal ‘^Olivite'^ 
pumps handle barren solution with lifts of about 20 ft. In these, the 
casing is lined and the runner covered with a composition that is not 
affected by the solutions. They discharge through rubber-lined pipe, 
which so far has shown no deterioration. These pumps may, in time, 
replace the air lifts. 

The solutions are carried about the plant in wooden launders made of 
2-in. plank, held together with clamps, but the wood shrinks and softens, 
especially from the hot solutions, making it very difficult to prevent leaks. 
To overcome this, the solution launders are lined with a cement mortar, 
made of one part siliceous sand, one part quartzite gravel of a 
maximum size of % in., and a two-thirds part of cement. Wire netting, 
1-in. mesh, is placed in the launder, conforming to the sides and bottom, 
together with some 3^^-in. rods, the launder partly filled with the mortar, 
and the inside forms, made in 6- or 8-ft. lengths, are then set in and 
pressed into the mortar, forcing it up on the sides, when it is rammed and 
levelled up to the top. The bottoms of the sluicing launders carrying the 
hot roasted ore in solution are lined with concrete slabs of the above mix- 
ture, 30 by 16 by in., cast in separate molds and cured for several 
days. Slabs 7 in. wide are used on the sides. A concrete air agitation 
tank, 8 ft. deep and 4 ft. in diameter, in which the oxidized copper is 
leached out of the silver precipitates with a hot 25 per cent, sulfuric-acid 
solution, slowly disintegrated, but a sulfur-and-sand lining, made of equal 
parts of melted sulfur and fine sand, thoroughly mixed and poured in a 
form, making it 13^^ in. thick, has stood very well. Care must be used to 
keep the temperature of the sulfur just above the melting point, and to 
pour the mixture quickly before the sand settles out. 

Heating of Solutions 

Steam for heating the solutions is supplied by three boilers, two of 
which, aggregating 110 hp., supply steam to the copper coils, the conden- 
sation returning to the boilers through a trap. The coils become coated 
with a hard scale, precipitated out of the solution, which gradually lowers 
their efficiency until it becomes necessary to knock off the scale. The 
other boiler, a 125-hp. return tubular, supplies live steam direct to 
the solutions in the precipitation boxes, after it has passed through the 
coil box, and to any other places where steam is required. While this is 
the normal method of running, a double system of steam piping permits 
the steam from any one, two, or the three boilers to be run to either the 
coil or live steam systems. The three boilers consume about 11 
tons of slack coal per day, and 1000 tons of solution are heated from 
48^ to 75° C. 

▼OL. uaun. — 22 . 
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Water supply for the plant is pumped from a spring at the base of 
the hill to a 140,000-gal. wooden storage tank above the mill, by a 250- 
gal. per min., triplex pump, driven by a 30-hp. motor, running 18 hr. 
daily; the net lift is 225 ft. 

Power is delivered to the plant at 44,000 volts, by the power company, 
transformed to 2200 volts for all motors over 30 hp., and to 220 volts for all 
under that size. The motors are all wired with three-conductor lead- 
covered cable, and all wiring for lights is lead encased. The total con- 
nected load amounts to 700 hp., but the average maximum demand 
reading is about 500 hp. 

Well-equipped machine and carpenter shops enable practically all 
repairs to be quickly made at the plant. As the process as a whole is 
rather destructive, the repairs are considerable, but the plant has now 
been in operation 4)^ years without a shutdown. 

DISCUSSION 

T. Varley, Salt Lake City, Utah. — On page 324, the authors say 
that for consistent results a small amount of free acid is necessary in 
the solution; also that small amounts of copper sulfate are added to the 
brine. On the next page, they say that trouble has been experienced 
when working with a solution saturated with respect to salt. Possibly 
one reason is the effect the solution might have on the calcines; in the 
upper strata of the calcines extraction of silver is good while in the 
lower strata extraction is relatively poor. It may be well to determine 
if at that point there is crystallization of the salt or a large consumption 
of acid, either of which would tend to upset the balance. 

Calcium chloride is used only in extreme cases for chlorine concen- 
tration; in view of the cost it might pay to study the possibilities of mak- 
ing calcium chloride at the plant, utilizing some of the byproducts for 
the flotation plants in the district. Chlorine, potassium, and magnesium 
are present in large quantities in the desert brines west of Salt Lake City, 
and a careful investigation may develop a source of calcium chloride as 
well as other byproducts. 

H. R. Hanley, Rolla, Mo. — Is the precipitation in the tin-scrap 
tank complete? Also, what are the relative merits of tin scrap and 
sponge iron, taking into consideration the difference in temperature 
required by the solutions in the various processes? 

H. P. Allen, Payson, Utah. — The precipitation of the lead on the 
tinplate is very nearly complete. For instance, the heads are 0.7 and 0.8 
per cent, and the tails solutions are 0.03 and 0.02 per cent. lead. That 
is dependent on the temperature and the surface exposed in tiie precipita* 
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ting boxes. With sponge iron, the rate of precipitation is much more 
rapid and it does not require as high a temperature as does precipitation 
on tinplate cuttings. But the problem is to get the sponge iron in suffi- 
cient quantities and cheap enough to make its use commercially feasible. 
The Bureau of Mines has done extensive and good work on the precipita- 
tion of lead on sponge iron. It has perfected a small portable apparatus, 
which was placed in our plant and run very successfully for a number 
of days. 

G. H. Debn, Salt Lake City, Utah. — The question is often 
asked, ‘‘Why is there such an economy of fuel in the Holt-Dem roaster?” 
Fuel economy implies conservation of heat. In all ordinary furnaces the 
loss of heat, and consequent high fuel consumption, is due to three causes : 

(a) The waste gases being discharged to the stack at a high temperature; 

(b) ^he finished product being discharged from the furnace at a high 
temperature; (c) radiation from the furnace itself. 

The Holt-Dem roaster in a large measure overcomes these losses. 
It is a blast roaster, the roasting being done by combustion of the fuel 
contained in the ore charge. The fuel is mixed with the ore and 
no extraneous heat is applied. 

The roasting charge is a descending vertical column. The upper 
portion is a layer of raw, moist ore; the middle portion is the roasting 
zone; the bottom portion is a layer of roasted ore or calcine. The air 
blast, which induces combustion, travels upwards through this column. 
First striking the hot calcine, the blast is preheated and the calcine is 
correspondingly reduced in temperature. Not all the waste heat is 
used, but loss (6) is materially reduced. 

As combustion takes place in the mass of the charge, there is no loss 
of heat by radiation as is the case when a flame plays over the surface 
of a bed of ore. A lighter-than-air flame always keeps as far above the 
bed of ore as the construction of the furnace will permit and is con- 
stantly seeking a way to the stack without touching the ore. In blast 
roasting, the heat cannot go toward the stack except through the ore 
mass, hence the most intimate contact and the minimum of loss (c). 

The waste gases from the roasting zone must pass through the layer 
of moist, raw ore at the top of the column. The descending ore is thereby 
preheated and the waste gases are discharged from the stack at a tem- 
perature so low that the hand may be held in the furnace above the 
roasting column, thus largely eliminating loss (a). 

The travel of ore is counter-current to the air blast, which results in 
conservation of heat and economy of fuel. About 3 per cent, of coal 
is all that is needed to roast oxidized ore as in chloridizing. Ore carry- 
ing the proper proportion of sulfide is self-roasting and requires the 
admixture of no other fuel. 
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Another question that is invariably asked is: “Why is there no loss 
by volatilization in the Holt-Dem roaster?” My explanation has 
always been that any metals that are volatilized in the roasting zone are 
condensed when they strike the layer of moist cool ore at the top of the 
charge. Recently Mr. Holt suggested that in the lower part of the 
roasting zone the gases are strongly oxidizing, becoming lower in oxygen 
as they pass up through the charge; this gives an ideal finishing condition 
for the roast, insuring the complete elimination of undesirable compounds. 
When the air reaches the upper part of the roasting zone, where com- 
pounds that oxidize with great rapidity are present, it is so depleted of 
oxygen that the danger of excessive heating is largely eliminated. In 
other words, the result is a uniform temperature throughout the roasting 
charge. As the gases enter the zone of raw ore at the top of the charge 
they are reducing in character, being highly charged with sulfur dioxide. 
Any volatile metal compounds that would otherwise pass to the stack 
are reduced and remain in the ore. 

When roasting is in progress, the charge is quiescent. There is no 
rabbling and the only dropping is when the calcine is shaken into the 
closed bin beneath the grates. The top of the roasting column is moist 
ore. These conditions practically preclude dust loss. 

The authors give a full description of the mill and cite operating 
costs. It will be noted that the ore is delivered at the bottom of the 
mill instead of at the top and that the coarse-crushing department is 
the lowest part of the plant. From here the ore is hoisted to the top of 
the mill for successive fine crushing, mixing, roasting, and leaching. This 
type of construction was adopted to save large additional railroad con- 
struction, but it increases the cost of operation. Salt, coal, and all 
other supplies are subject to extra handling cost on account of this 
arrangement. The plant is not ideally designed for cheap operation. 

The total cost of crushing to 8 mesh is $0,714 per ton, including unload- 
ing the railroad cars. To one familiar with roll crushing this looks high. 
At the Consolidated Mercur Gold Mines Co., of which I was general 
manager, we crushed to 5 mesh for 8 to 10 cents per ton, before the war, 
but that ore was exceptionally soft and easy to crush. I understand that 
the Utah Copper Co. crushes dry to —8 mesh for 8% cents per ton, and to 
—60 mesh for a total of 22 cents, the fine grinding being done wet. The 
Tintic Milling Co., using the same process as the Tintic Standard, crushed 
Tintic ore for about 60 cents per ton under unfavorable conditions with 
small old-style rolls, inadequate screens, and the excessive elevating and 
conveying made necessary by a flat mill site. With proper equipment, 
the cost in that plant could have been materially reduced. The relatively 
high crushing cost at the Tintic Standard is due to the location of the 
coarse-crushing department, the extraordinarily hard and tough charac- 
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ter of the ore, and the relatively small scale of operations —200 tons 
per day, 

A plant properly designed for gravity operation on a scale of 1000 
tons per day could crush to the size stated for about 35 cents. The 
crushing costs reported in the paper, therefore, are not a criterion of the 
necessary costs for this process. 

The roasting cost of $1,148 includes the salt and the expense of 
remodeling the roaster drive. Repairs and renewals have been greatly 
reduced since this alteration was made. Not long ago I estimated that 
the roasting cost in a proposed 1000-ton mill would be 25 cents per ton, 
exclusive of salt. 

Leaching, precipitating, and treatment of precipitate are much higher 
in this plant, where copper and lead are recovered, than they would be 
in a straight silver mill, or even on a silver-copper proposition. The 
lead recovery entails heating the leaching solution as well as separate 
precipitation. Chloride roasting and leaching have decided advantages 
where the conditions are favorable for their use. 
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Milling Practice at Midvale 

By C. a. Lbicke,* Midvale, Utah 

(Salt Lake City Meeting, September, 1925) 

The ores now milled at the Midvale concentrator of the United States 
Smelting, Refining & Mining Co. come mostly from the compiany's 
mine in the Bingham district, about 18 miles west of Midvale. Custom 
ores from this same district and from other western mining districts are 
also milled at times. 

The Bingham ores consist of galena, pyrite, chalcopyrite, and sphal- 
erite in a gangue of quartz, quartzite, limestone, and porphyry. The 
percentage of chalcopyrite is small, usually about 0.5 per cent., while 
the galena, pyrite, and sphalerite combined constitute about 60 per cent, 
of the total ore. These three minerals vary considerably in amount and, 
at times, all three are somewhat oxidized. The ores also contain gold and 
silver, the former being mostly in the pyrite while the latter is generally 
with the galena. The crystallization of the economic minerals varies 
from fairly coarse to extremely fine. 

The ores are carried to Midvale by the Bingham & Garfield and the 
Los Angeles & Salt Lake railroads or by the Denver & Rio Grande Western 
railroad, in 50-ton, steel, full dump cars. 

The milling problem is to recover the silver-bearing galena, the gold- 
bearing pyrite, and the chalcopyrite in a product suitable for the lead 
smelter and containing the least possible amount of gangue and sphalerite 
and then recover the sphalerite in a product suitable for a zinc smelter. 
The minerals are recovered partly by water concentration and partly by 
water concentration combined with electrostatic treatment. 

Gravity Concentrator 

The gravity concentrator has a capacity of about 465 tons in 24 hr. 
The mill buildings are of wood. The mill was built in 1905 to handle 
approximately 90 tons in 24 hr. ; since that time several additions have been 
built and various changes have been made in the fiow sheet. The last 
extension, which raised the capacity of the mill to its present level, was 
built in 1915. The additions to the mill building have not kept pace with 
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the increase in the tonnage milled. The present floor space is about twice 
that of 1905 while the tonnage handled is over five times as great. This 
has made it necessary to place concentrating and crushing machinery 
where the space was inadequate and has resulted in considerable crowding. 

The ore is dumped from the railroad cars into a hopper-shaped bin of 
250 tons capacity. From this bin, it is fed, by hand through a rack-and- 
pinion gate and over a stationary grizzly to a 10 by 20-in. Blake crusher. 
The grizzly has IJ^-in. openings and the crusher is set to crush to this 
same size; approximately 25 per cent, of the average run of ore passes 
through the grizzly. The crusher discharge, combined with that from 
the grizzly, passes to a bucket elevator, which discharges into a 72 by 
42-in. trommel. The screen on this trommel is punched plate 

with round holes. The trommel undersize passes to the crushed- 

ore bin; it is sampled by an automatic sampler before going into the bin. 
The trommel oversize goes to a set of 30 by 12-in. rolls, which are in closed 
circuit with the trommel. From the crushed-ore bin, which has a capacity 
of 150 tons, the ore is fed by means of a plunger feeder to No. 2 elevator, 
which discharges into two 72 by 36-in. trommels. Water is added in the 
boot of the elevator. The trommels have punched-plate screens with 
round holes. The oversize from the trommels goes to a set of 36 
by 16-in. rolls and, after passing through the rolls, is returned to the 
trommels by way of No. 2 elevator. All of the mill feed must pass through 
the screens before concentration begins. The undersize from the 

screens goes to the jig-screen line, where the jig feed is divided 
into four sizes. This screen line consists of a double row of trommels, 
each trommel being 5 ft. long and 3 ft. in diameter. The first two trom- 
mels have 4-mesh screens; the undersize from the punched-plate 

screens passes to these two trommels, the feed being equally divided 
between the two. The second two trommels in the row have 6-mesh 
screens; and the third two 8-mesh screens. All screens on these trommels 
are steel-wire cloth with square openings. The openings in the 4-mesh 
screens are 0.13 in., in the 6-mesh 0.087 in., and in the 8-mesh 0.053 in. 

The 4-mesh screens discharge their oversize to No. 1 jig and the under- 
size to the 6-mesh screens; the oversize from the 6-mesh screens goes to 
No. 2 jig and the undersize to the 8-mesh screens, the 8-mesh oversize 
goes to No. 3 jig and the undersize to a 42-in., double-cone, hydraulic 
classifier. The spigot produce from this classifier goes to No. 4 jig and 
the overflow product to the table circuit, which will be disctissed later. 


Jigs 

All jigs are Hartz type, single, three-compartment, except No. 4 
which is a double three-compartment jig. All jig compartments are 36 
by 24 in. The openings in the jig sieves are larger in every case than the 
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largest particle fed to the jig and ail jig concentrates are hutch products, 
there being no side discharge gates on any jig. The high percentage of 
metals in the ore requires that the concentrates be discharged rapidly. 
When operating the jigs, the aim is to make a lead-iron concentrate with 
the highest possible recovery of lead and iron and containing the lowest 
possible percentage of zinc and gangue. About 60 per cent, of the total 
lead recovered in the mill is taken out by these four jigs. The zinc and 
gangue present in the jig concentrates are mostly in the form of combined 
particles. The lead-iron concentrates from the four jigs average 
about 25 per cent, lead, 24 per cent, iron, 10 per cent, zinc, per cent, 
gangue, 12 oz. silver, and 0.15 oz. gold. The concentrates from Nos. 1, 2, 
and 3 jigs are discharged from the hutches intermittently, by hand, 
through ordinary molasses gates; and those from No. 4 jig are discharged 
continuously through a spigot. The stroke and speed of the jig plungers 


are as follows: 

Stroke 

Number 

JlQ 

Length, 

PER 

Inches 

Minute 

No. 1 

IH 

185 

No. 2 

H 

215 

No. 3 



245 

No. 4 

Vi 

285 


The bedding for all jigs is replenished by hand as it wears out. 

The tailings from the jigs are dewatered in a 30-in. dewatering or shovel 
wheel and go to a set of 36 by 16-in. rolls. The shovel-wheel overflow is 
sent to a 9-ft. cone tank and the overflow from this tank goes into the 
mill tailings, as it is practically clear water. The cone-tank spigot product 
is sent to the table circuit. After passing through the rolls, which are 
set to crush to 12-mesh, the jig tailings go to No. 3 elevator, which dis- 
charges into two 5 by 3-ft. trommels fitted with 12-mesh steel-wire screens. 
The undersize from these screens is sent to the classifier system. The 
oversize goes to another set of 36 by 16-in. rolls and back to No. 3 elevator. 

Classifiers 

All classifiers in the mill are of the double-cone free-settling type. 
Other classifiers have been tried at various times but none showed suffi- 
cient improvement over the work done by the double-cone type to 
warrant their permanent installation. The double-cone classifiers vary 
in size from 20 to 42 in. (the dimension being the diameter of the inner 
cone). The classifiers are set in such a way that the overflow from each 
goes to the inner cone of the next succeeding one. The one with the 
smallest inner cone receives the undersize product from the 12-mesh 
screens. The overflow from the last classifier goes to a series of cone 
tanks. The spigot products from the first two classifiers, which are 
both 20-in. classifiers, are sent to a three-compartment, 24 by 36-in., 
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Hartz jig, called No. 6 jig. The spigot of the third classifier goes to 
another jig of the same size, called No. 6 jig. 

Nos. 5 and 6 jigs make lead-iron concentrates and tailings. The 
tailings are reground in tube-mills, classified and tabled. These jigs are 
operated in the same manner as the first four jigs. 

Tables 

The spigot products from the fourth and succeeding classifiers are 
sent to thirteen tables, six of which are Deister Plato, five are No. 6 
Wilfley, and two are the old type Overstrom. The two Overstrom 
tables are used on the finest sizes. The first four tables, which handle the 
coarser sizes, make lead-iron concentrates, middlings, and tailings to 
waste. The middlings are sent to the tube-mills along with the tailings 
from No. 5 and 6 jigs. The last nine tables also make lead-iron con- 
centrates, middlings, and tailings, but the middlings are not reground 
because they usually contain only a small percentage of combined mineral. 
They are, in reality, a mixed product rather than a middling. This 
material is retreated on six Wilfley tables, which make a small amount 
of lead-iron concentrates, zinc-iron concentrates, middlings and tailings; 
these tables are called retreatment tables. The zinc-iron concentrates 
are sent to the electrostatic mill and the middlings are returned to the 
classifiers, which feed tables Nos. 5 to 13. This so-called middlings 
{ftoduct is cut out on the retreatment tables between the zinc-iron con- 
centrates streak and the tailings streak because the zinc-iron concen- 
trates must contain less than 6 per cent, insoluble and if a direct cut was 
made between concentrates and tailings there would be considerable 
danger of exceeding this limit. 

The back water on tables Nos. 4 to 13 contains considerable slime; 
this back water is sent to a 4-in. Wilfley sand pump, which discharges 
into an 8-ft. cone tank. The spigot from the cone tank is sent to a 
Wilfley table and the overflow goes, by way of a distributing launder, 
to fourteen 8-ft. Callow tanks. These Callow tanks feed the seven slime 
tables, two tanks feeding one table. The cone tank that receives the 
Wilfley pump discharge takes out any coarse sand that might be taken up 
with the table back water. The overflow from the last tank in the classi- 
fier line is sent to the same distributing launder that handles the overflow 
from the Wilfley pump tank. 


Slime Tables 

The Deister slime tables, which are fed from the fourteen 8-ft. Callow 
tanks, make lead-iron concentrates, zinc-iron concentrates, a mixed 
product, and tailings to waste. The zinc-iron concentrates are sent to 
the electrostatic mill and the mixed product from all seven tables is 
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retreated on one Deister slime table, which makes zinc-iron concentrates 
and tailings to waste. 


Tube-mills 

The tailings from Nos. 5 and 6 jigs and the middlings from the coarse- 
sand tables are combined and sent to a 30-in. dewatering wheel. The 
sand discharge from this dewatering wheel goes to a bin of 60 tons capa- 
city, and the overflow from the wheel box, which contains some slime 
and fine sand, is sent to an 8-ft. cone tank. The cone tank overflow 
goes into the mill tailings and the spigot product is treated on a Wilfiey 
table, which makes the usual products. The dewatered sand is fed from 
the 50-ton bin to the tube-mills, of which there are two. These mills 
are 14 ft. long and 5 ft. in diameter. Usually only one tube-mill is used, 
but occasionally the ore contains considerable quartzite, which is very 
hard and it becomes necessary to use both. The tonnage ground in the 
tube-mills averages about 130 tons in 24 hr., or approximately 28 per 
cent, of the original mill heads. In operating the tube-mills, the aim 
is to grind just fine enough to liberate the minerals and produce the 
least pofiisible amount of slime. On the average run of ore, practically 
all of the galena and sphalerite are liberated when the ore is crushed to 
48-mesh, although at times finer grinding is necessary. When the tube- 
mill product is all - 48-mesh, approximately 22 per cent, will pass a 200- 
mesh screen. An average screen analysis of the tube-mill feed and 
product is as follows: 



Tube-Mill Feed 



Tube-Mill Product 


SCBBBK SiZB 



Screen Size 


Mesh 

OpBmNQ, Inch Per Cent. On 

Mbbh 

Opening, Inch 

Per Cent. On 

14 

0.046 

4.9 

14 

0.046 

0.0 

20 

0.0328 

20.7 

20 

0.0328 

0.0 

28 

0.0232 

29.1 

28 

0.0232 

1.1 

35 

0.0164 

20.2 

36 

0.0164 

2.8 

48 

0.0116 

13.5 

48 

0.0116 

6.1 

66 

0.0082 

9.3 

65 

0.0082 

18.4 

100 

0.0058 

2.3 

100 

0.0058 

23.8 




150 

0.0041 

13.4 




200 

0.0029 

12.1 




-200 

0.0029 

22.3 


The tube-mill product is sent to No. 5 elevator, which discharges into 
the first of a series of eight double-cone hydraulic classifiers. The 
classifiers feed eight Wilfiey tables, which make lead-iron concentrates, 
zinc-iron concentrates, zinc-iron-gangue middlings and tailings. The 
zino-iron concentrates go to the electrostatic mill and the middlings to 
four Wilfiey tables, which make zinc-iron concentrates, middlings, and 
taiUnes. The middlings from these four tables are returned to the 
tube-mills. The overflow from the last of the eight hydraulic classifiers 
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goes to an 8-ft. cone tank. The tank spigot product is treated on a 
Wilfley table and the overflow goes to the Callow tanks, which feed the 
Deister slime tables. The back water from the Wilfley tables is pumped 
to these same tanks. 

The tube-mills are lined with ribbed cast-iron liners. The ribs are 
about in. thick and 3J4 in. high; the backs of the liners are. about 
% in. thick. The liners are 6 in. wide and of such length that four 
make a complete circle. Two liners in each circle, or ring, have one 
end flanged in such a way that the flanges overlap when the two 

liners are placed end to end with the flanges adjacent. By tightening 

the nuts on a short rod, which is passed through opposite holes in 
the flanges, the four liners in each ring are wedged tightly against 

each other and against the shell of the mill. There are twenty-five 

complete rings in the mill and three rings from which a section have 
been cut to make room for the manhole frame. This frame is of the same 
height as the ribs on the liners and is held in place by the liners. The 
only through-bolts used on the shell liners are two in the manhole-cover 
lining. The life of the lining has been increased from 11 to 14 months by 
cementing fragments of quartzite around the short rods that hold the 
liners in place. Cement grout is poured into any small opening that may 
occur between the rows of liners, because of rough or uneven castings, to 
protect the shell. The end liners are bolted to the heads of the mill with 
countersunk through-bolts. The grinding medium used at present is 
‘^adamant silica in the form of cubes with edges 33^ to 43^ in. long. 
This material has proved to be as satisfactory as the foreign flint pebbles 
formerly used and it is cheaper. The grinding medium, by wedging in 
between the ribs of the cast-iron shell lining, also forms the principal 
wearing surface of the mill. The constimption of adamant silica is 
about 1.25 lb. per ton of ore ground. The pebble load carried in the mill 
averages about 10,200 lb. The mills require about 35 hp. each. 

Handling of Concentrates 

All lead-iron concentrates from the jigs are carried, by means of 
launders, from the jig hutches to a bucket elevator. About 85 per cent, 
of the sand-table concentrates are also sent to this elevator. The remain- 
ing 16 per cent, of sand-table concentrates cannot be carried by gravity 
to this elevator; these are shoveled out of the catch-boxes into mine cars 
and trammed to railroad cars. The concentrates elevator discharges 
into a launder, which carries the product to five hopper-shaped* bins of 50 
tons capacity, each. The sloping bottoms of these bins are made of 4- 
mesh, galvanized, steel- wire screen laid on 2 by 4 in. joists spaced 9 in. 
apart. The screen is covered with a layer of burlap and on top of the 
burlap is a layer of cocoa matting. Under the sloping bottoms is a water- 
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tight floor, which has a slope of 3^ in. per ft. toward one edge. A launder 
at the lower edge of the floor carries the water from the concentrates to 
either of two small settling ponds. These ponds are cleaned out every 
month. The tops of the bins, also, have overflow launders, which carry 
away some water when the bins are nearly full of concentrates. The 
lower end of the bin hoppers is on the same level with the water-tight floor 
and the openings in the hoppers are 16 in. square. Arc gates, which can 
be made practically water-tight by means of tightening levers, are 
fastened to the hoppers and the bins are unloaded through these gates 
when full. 

All slime-table lead-iron concentrates are shoveled out of the settling 
boxes by hand into mine cars and trammed to railroad cars. The zinc- 
iron concentrates are also shoveled into mine cars and are trammed to the 
electrostatic mill. The mine cars containing the zinc-iron concentrates 
are placed on a platform elevator and raised to the top of the electro- 
static-mill bin where they are dumped; this bin holds about 25 cars. 

Tailings Disposal 

The mill tailings are carried, by a system of launders, to a central 
launder, which carries them to a small sump outside of the mill building. 
From this sump, they are carried by an inverted siphon, which is a 
10-in. concrete pipe, to a launder which empties into the feed well of a 
90-ft. Dorr thickener situated on the tailings dump. This thickener 
removes about 55 per cent, of the water in a clear overflow, which goes 
into the Jordan River. The thickener spigot goes to either of two 6-in. 
Wilfley sand pumps, which discharge into a distributing box. From this 
box, the tailings are carried to the dump and settled in large ponds, the 
overflows from the ponds going in to the river. No tailings water is 
returned to the mill. A Teeter box sampler is used for sampling the 
tailings. The average mill tailings contain about 0.02 oz. gold, 1.1 oz. 
silver, 1.7 per cent, lead, 33^ per cent, iron, and 534 per cent. zinc. 

Electrostatic Mill 

This mill handles the zinc-iron concentrates from the wet mill and 
produces zinc concentrates and iron concentrates. The iron concentrates 
are sent to the company's lead smelter and the zinc concentrates to a 
zinc smelter. 

The zinc-iron concentrates are fed frpm the receiving bin to a Ruggles- 
Coles T3rpe A Dryer. The concentrates contain about 1234 per cent, 
moisture when they enter and must be bone dry and have a temperature 
of 280® P. when discharged. The dryer has a capacity of 100 tons in 24 
hr. and requires about 75 lb. of slack coal per ton of ore dried ,'it is operated 
with forced draft. The gases are discharged, Uxrough a 45-in. exhaust fan, 
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into a small brick chamber from which they pass to the atmosphere 
through a steel stack 30 in. in diameter and 48 ft. high. The dryer 
discharges into a bucket elevator, which carries the dried material to 
a distributing box; thence it passes to the screens, about^75 per cent, 
going to Hummers and 25 per cent, to Type H Newaygos. 

Both the Hummer and Newaygo screens are set in two banks, one 
below the other, with two screening surfaces in each bank. All screening 
surfaces are 6 ft. long and 6 ft. wide and are set at an angle of about 32° 
from the horizontal. The top screen in the upper bank is 16-mesh steel- 
wire cloth with 0.0446-in. square openings and the bottom screen is 40-mesh 
brass-wire cloth with 0.014-in. square openings. The top screen in the 
lower bank is 60-mesh brass-wire cloth with 0.007-in. square openings 
and the bottom screen is 100-mesh brass-wire cloth with 0.0045-in. square 
openings. The material must be closely sized before going to the Huff 
electrostatic separators. The 16-mesh screen is used as a scalper. The 
material that remains on this screen is oversize and is returned to the 
tube-mill circuit in the wet mill. This oversize amounts to about 2 per 
cent, of the total electrostatic mill feed. The four sized products from 
the Hummer screens go to four small bucket elevators, from which they 
are distributed to the feed hoppers of the electrostatic machines by 2-in. 
pipes. The products from the Newaygo screens are sent to electrostatic 
machines by means of 6-in. screw conveyors. The distributing system 
is so arranged that the number of machines treating any size can be 
varied as the amount of that size varies. 

There are thirty-two Huff machines in the mill; eighteen are remodeled 
type D and fourteen are type F. Each type F machine consists of a 
rougher and two finishers combined in one unit. The remodeled type D 
machines are all separate so that three machines are required to make a 
unit similar to the Type F unit. 

The roughers make rougher zinc concentrates and rougher iron con- 
centrates. The rougher zinc concentrates pass to the zinc finishers and 
the rougher iron concentrates to the iron finishers. The zinc finishers 
make a finished zinc product and a mixed product. The iron finishers 
make finished iron concentrates and a mixed product. The finished 
concentrates pass to small hopper bins directly under the machines and 
the two mixed products are combined and returned to the elevators or 
screw conveyors that feed the roughers. The amount of mixed product 
returned to the roughers varies from 25 to 40 per cent, of the total rougher 
feed, depending on the metal contents and character of the zinc-iron 
concentrates being treated. The finished products are loaded from the 
small hopper bins into mine cars and trammed to railroad cars. It is 
essential that the zinc-iron concentrates be absolutely dry and hot enough 
so that they will not absorb moisture when passing through the mill circuit. 
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The mechanical power required by the electrostatic machines is very 
small. The only moving part on the type F machines is a 3-in. feed roller, 
while the remodeled type D machines have a lyi’-in. feed roller on both 
the roughers and finishers. The electrical energy for the thirty-two 
machines in the mill is furnished by a small motor-generator set. This 
consists of a 73^-kw. generator direct-connected to a 5-hp. motor. The 
current from the generator is stepped up, by a transformer, from 120 
volts to the voltage required at the machines, which varies from 18,000 
to 22,000. The intensity of current is a very small fraction of an ampere. 
The high-tension current passes through a rectifier before going to the 
electrostatic machines and is converted into a unidirectional pulsating 
current. The motor-generator set would supply current for additional 
machines. 

Analysis of Electrostatic Mill Heads and of Finished Products 


Electrostatic Zinc Iron 

Mill Heads Concentrates Concentrates 

Gold, ounce 0.07 0.03 0.12 

Silver, ounce 3.00 1.40 4 . SO 

Copper, per cent 0.65 0.40 0.98 

Lead, per cent 3.30 1.80 4.90 

Insoluble, per cent 5.60 8.20 2.00 

Iron, per cent 23.00 6.20 35.00 

Zinc, per cent 26.00 49.50 8.00 

Sulfur, per cent 37.50 31.00 43.00 


Dust-collecting System 

The electrostatic machines, and all other machines in the mill that 
tend to make dust, are connected by pipes to the intake of a 70-in. exhaust 
fan. The dust laden air from the fan passes first into dust chambers and 
then into the baghouse. The material collected in the chambers nearest 
the fan is returned to the dryer and retreated with the original mill 
heads; that which is collected in the remaining chambers and in the bag- 
house is not retreated. Its metal contents are about the same as those of 
the mill heads. The dust loss, including that which passes up the dryer 
stack, amounts to about 6 per cent, of the original electrostatic-mill heads. 
The bags used in the baghouse are 12 in. in diameter and 16 ft. long and 
are made of a medium-weight cotton cloth. 

Limitations op the Huff Machines 

The mineralogical character of the sphalerite in the ores milled varies 
greatly. At times, it is largely ‘‘black jack^^ which contains from 3 to 7 
per cent, iron chemically combined with the zinc. Then the “ blackjack '' 
will almost disappear and the zinc mineral is mostly of a light brown or 
yellow color, almost free from iron. Occasionally the ore contains con- 
siderable pyrite, which has become somewhat oxidized and this oxida- 
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tion affects its electrical conductivity. When the pyrite is unaltered and 
the sphalerite is mostly of the light-colored variety, a clean separation of 
the two minerals can be made without much difl&culty. When consid- 
erable blackjack^' zinc is present, together with partly oxidized pyrite, 
it is not possible to make a clean separation because, to repel the partly 
oxidized pyrite, a higher voltage is required, or the adjustable electrode 
must be set close to the stream of ore, and either of these adjustments 
will cause the blackjack zinc to be repelled along with the iron. When 
much ^'blackjack’’ is present and the pyrite is not oxidized, it is possible 
to make a good zinc product but the iron product is usually high in zinc; 
this, of course, results in a low zinc recovery. 

The — 100-mesh size is more difficult to separate into commercial 
products than the three coarser sizes because it contains most of the 
slimes in the mill feed. About 33 per cent, of the — 100-mesh size will pass 
a 200-mesh screen and contains considerable impalpable dust. The dust 
builds up on the slides, or toboggans, of the machines and then falls in 
lumps. It also sticks to the movable electrodes and interferes with the 
discharge of particles that are repelled. The 200-mesh material can be 
separated in a fairly satisfactory manner if all of the dust is removed. 

The galena and chalcopyrite in the electrostatic-mill feed are usually 
repelled together with the pyrite if unaltered. Usually about 75 per cent, 
of these minerals go into the iron concentrates and they carry along an 
equal percentage of the gold and silver. 

Recoveries in Wet Mill and Electrostatic Mill 

The wet mill recovers about 86 per cent, of the lead in the crude ore 
and an additional 6 per cent, is recovered in the electrostatic-mill iron 
product. The silver and gold recoveries in the two mills average about 
87 per cent. The zinc recovered in the electrostatic mill is about 33 per 
cent, of the total zinc in the crude ore. About 40 per cent, of the zinc 
in the crude ore goes into the lead-iron concentrates from the wet mill and 
the iron concentrates from the electrostatic mill ; the remainder is lost 
in the tailings. 


Flotation Mill 

About a year ago, the company decided to build a pilot flotation 
mill to prove out laboratory tests, which had indicated that a considerably 
greater i>ercentage of the zinc could be recovered by flotation methods 
than was possible by gravity concentration combined with electrostatic 
treatment. The laboratory tests also indicated that lead-zinc ores could 
be handled, which were not amenable to gravity concentration or to 
electrostatic separation on account of the intimate association of 
the minerals. 
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A Hmall mill, adjacent to the main con^ntrator, which was formerly 
used for concentrating custom ores, was remodeled into a 20-ton flotation 
unit and the capacity of this unit was later increased to 50 tons per day. 
Various ores have been handled in this mill and the results obtained have 
generally confirmed the laboratory test results. 

In this mill, the crude ore is crushed dry to in. by a Blake crusher 
and a set of 30 by 12-in. rolls and sent to the fine-ore bin, which has a 
capacity of about 125 tons. From this bin, the ore is fed by a plunger 
feeder into the boot of a bucket elevator which discharges into a 5 by 3-ft. 
trommel fitted with 4-mesh steel-wire screens. Water is added in the 
boot of the elevator. The oversize from the trommel goes to a set of 30 
by 12-in. rolls and then back to the elevator. The trommel undersize 
goes to a 6 ft. by 16-in. Hardinge ball mill, which is operated in closed 
circuit with a 36-in. Akins classifier. The classifier overflow is the feed 
to the flotation machines and contains about 20 per cent, solids of which 
about 65 per cent, will pass a 200-mesh screen and 100 per cent, will 
pass a 65-mesh screen. Some ores require finer crushing to liberate all 
of the minerals. 

The ball charge used in the Hardinge mill is made up of 2J-^, 2, and 
13 ^-in. cast-iron balls and weighs about 7500 lb. The 2j'^-in. balls are 
fed into the mill daily, to keep the charge constant in weight. The ball 
consumption averages about 1.7 lb. per ton of ore ground. The ball-mill 
lining is “Titanite,” which has a life of approximately 8 months. 

The following oils and reagents are added at the ball-mill: sodium 
sulfite, Barrett No. 4 or similar oil and steam-distilled pine oU. On 
some ores, sodium sulfide and sodium silicate are also used. 

The Akins classifier overflow is pumped by a 2-in. Wilfley sand pump 
to a small surge tank of about 250 gal. capacity. From this surge tank, 
the pulp is sent to the head cell of the flotation circuit. The flotation 
machines used are Minerals Separation standard type, Minerals Separa- 
tion subaeration type, and one 6-ft. Fagergren. The lead is floated 
first in an eight-cell, 18-in. M.S. subaeration machine. A lead middling 
is cut off on the last two to four cells of the lead circuit and returned to the 
head cell. The lead tailings go to the zinc circuit, which consists of one 
six-cell, 18-in. M.S. standard machine and one eight-cell 18-in. M.S. 
subaeration machine. The zinc concentrates are taken off at the stand- 
ard cells and the subaeration cells are used for making zinc middlings, 
which are returned to the head of the zinc circuit. Cone tanks are used 
for thickening and conditioning in the zinc circuit and these are placed 
between the standard cells and the subaeration cells. The zinc tailings 
go to the Fagergren machine, which makes iron concentrates and tailings. 
The Fagergren tailings go to a six-cell, 12-in. M.S. subaeration machine, 
which also makes iron concentrates and tailings. These tailings are sent 
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to a Wilfley table, which is used merely as a pilot table. None of the 
concentrates are cleaned. 

The reagents and oils used in the lead circuit are as follows: Steam- 
distilled pine oil, Barrett No. 4 or similar oil and potassium xanthate. 
On some ores, soda ash is used in the lead circuit. The following are 
used in the zinc circuit: pine oil, Barrett No. 4 or similar oil, hardwood 
creosote, potassium xanthate and copper sulfate. In the iron circuit, 
sodium sulfide is added; and on some ores, a small amount of pine oil 
and Barrett No. 4. 

The flotation products are thickened and filtered in accordance with 
standard practice. One three-disk 6-ft. American filter is used for 
filtering all three products. Water-tight partitions are placed in the 
filter tank and each disk handles a separate product. 

The ores handled in the flotation mill have varied widely in minera- 
logical and physical character and in their metal contents. These varia- 
tions have, of course, caused corresponding variations in the grade of the 
products and in the metal recoveries. All metal recoveries have been 
satisfactory, except in the case of ores that contained large percentages 
of oxidized mineral. 
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Effect of Cyanogen Compounds on Floatability of Pure 
Sulfide Minerals. — I* 

By E. L. Tucker t and R. E. Head,! Salt Lake City, Utah 

(Salt Lake City Meeting, September, 1925) 

In THE metallurgy of precious metals, it has been standard practice 
for years to use cyanogen compounds, so it was but natural that 
early investigators in the field of flotation should consider these com- 
pounds as possible flotation reagents. In Australian Patent 9508, of 
1913, alkali cyanides were described as suitable reagents for the separation 
of heavy sulfide minerals, the reagents being employed either in an alka- 
line or neutral circuit. In U. S. Patent 1236501, of 1917, to John 
M. Tibbet, the use of cyanide in conjunction with soda ash or lime is 
described. One of the claims of this patent reads, ^^An improvement 
in the cyanide process for the treatment of ores comprising, mixing the 
ore with cyanide solution and oil and alkali: emulsifying the oil in the 
presence of the ore, the alkali and the cyanide solution, floating a portion 
of the values in the pulp by producing gas bubbles in the mixture and 
removing the values floated. More recently, Sheridan and Griswold, in 
U. S. Patents 1421585 and 1427235, describe a somewhat similar 
process and have successfully introduced it in the mill of the Timber 
Butte Milling Co. U. S. Patent 1429544, of 1922, to Stevens, describes 
the use of double cyanides of copper, zinc, and lead. 

The success of cyanide as a reagent in the differential flotation of 
lead and zinc sulfides in highly complex ores is proof that these patents 
have a solid foundation. Although the technique of their application to 
particular ores has been worked out in many cases, no one, so 
far as is known, has attempted to describe the nature of the action of 
the cyanide or to determine the ideal conditions for its application. It 
was the purpose of the present investigation to gather information on 
these points. Naturally this would have been an exceedingly ambitious 
program had the attempt been made to study the effect of cyanide 


* Investigation Conducted Under Cooperative Agreement Between the Bureau of 
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reagents on all the ores that have been found amenable to the cyanide- 
flotation treatment. For this reason, the study was limited to the 
effect of the reagents on pure minerals; consequently the title of this 
paper adequately describes the more modest scope of the work. 
Although much of the practical value is sacrificed by using only 
pure minerals, this procedure eliminates many variables that would be 
difficult to control, and has made it possible to observe phe- 
nomena that appear of value in the study of differential flotation. 
While this paper covers but one phase of the subject, the authors realize 
that many interesting side lines might be followed and establish additional 
facts of practical and scientific value. 

Minerals Used 

The galena and sphalerite used were carefully picked from jig con- 
centrates from Missouri; the pyrite, a massive variety, was secured from 
the Ward Mineral Co. Each mineral was crushed in stages through rolls 
to secure a uniform product, all of which passed a 200-mesh screen. In 
some instances, it was necessary to crush either on the backing board or 
in a disk pulverizer to secure the desired fineness. All tramp iron was 
removed by a large magnet, to insure that the final sample was as nearly 
pure mineral as could be obtained. The following analyses show the 
general grade of the finished product: 



Fe 

Pb 

Zn 

CaO 

MgO 

S 

Insol. 


Per 

Per 

Per 

Per 

Per 

Per 

Per 


Cent 

Cent. 

Cent. 

Cent. 

Cent. 

Cent. 

Cent 

Pyrite 

. 43.18 



0.92 

0.30 

47.44 

7.61 

Galena 

1.07 

79 23 

0 13 




1.86 

Snhalerite 

. . 0 51 

0 46 

63 50 




3.16 


Experimental Procedure 

A small 50-gm., mechanically agitated flotation machine^ designed by 
L. K. Jacobsen and J. F. Gates, of the Metallurgical Research Depart- 
ment of the University of Utah, in cooperation with the Bureau of 
Mines, was used throughout the tests. Though small, this machine 
compared favorably with the larger type of machine and gave very con- 
sistent results. The data presented were checked by duplicate, and in 
some cases triplicate, runs and the maximum error was under 5 per cent. 
By using this type of machine one is able to make a large number of tests 
without depending on assays, as a drying and weighing of the concen- 
trates gives the relative recovery of mineral under set conditions. The 
oils used were dropped from a pinpoint, and the weight of the drops was 
carefully determined ’beforehand. Blank runs were made on each min- 
eral, using distilled water alone. 

1 Eng. & Min. Jnl.-Fr. (1925) 119 , 771. 
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To wet the mineral thoroughly each 50-gm. charge was agitated in a 
small jar at 1 to 1 dilution for a few minutes before proceeding with the 
flotation. Whenever addition reagents were used, they were added dry 
to the jar and were agitated with the pulp so as to insure thorough mixing. 

Effect of Soda Ash and Lime Alkalinity on Floaiability of Pure Minerals 

Cyanogen compounds may be used only in neutral or alkaline circuits, 
and as it is difficult, if not impossible, to maintain exact neutrality in 



Fig. 1. — Effect of lime and sodium cakbonate on flotation of sulfide min- 
erals. 
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Fig. 2. — Effect of alkaline concentration on flotation of sulfide minerals. 



such circuits, the alkaline circuit must be maintained in practice. In 
the ordinary cyanidation treatment of precious metals, alkalinity is main- 
tained by the use of lime; consequently, at first, it may seem surprising 
that flotation practice has adopted the much more expensive sodium- 
carbonate circuit. That this choice rests on solid foundation is shown 
by Fig^. 1 and 2; the floatability of the galena is greatly lessened by lime 
and slightly increased by soda ash. This effect is due to the calcium ion, 
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as was shown by further experiments which need not be detailed here. 
Soluble calcium salts, the chloride for example, are equally effective in 
retarding the flotation of galena. The function of the sodium carbonate 
in the cyanide flotation is, therefore, to free the circuit water from soluble 
calcium salts and to neutralize acidic constituents of the ore. In addi- 
tion, sodium carbonate has been found, by other workers, to be a some- 
what effective reagent for the differential flotation of lead from copper 
and zinc even when used alone. 

Effect of Sodium Cyanide in Presence of Sodium Carbonate and Lime 

Fig. 3 shows the effect of sodium cyanide on the behavior of galena, 
sphalerite, and pyrite in solutions made alkaline with lime and sodium 
carbonate. Sodium cyanide alone has little effect on the pure minerals; 



Fig. 3. — Effect of cyanide on flotation of sulfide minerals. 


probably in those cases where sodium cyanide alone is found effective in 
practice, it is because of the combined action of the cyanide and some 
soluble constituent of the ore. 

Further discussion of this action of cyanide will be taken up later. 
The more usual method of application of the cyanide is in combination 
with a cheap heavy metal salt, such as zinc sulfate, as is shown below. 

Effect of Zinc Cyanide Mixture in Presence of Sodium Carbonate and Lime 

Fig. 4 shows the advantage to be gained by using a combination of 
zinc sulfate and sodium cyanide ; this gives ideal conditions for the separa- 
tion of galena from sphalerite and pyrite. The proportioning of the 
reagents used is somewhat arbitrary, the relation being such that no free 
cyanide exists and one half or more of the cyanide is precipitated as the 
insoluble zinc cyanide. The question may be raised whether this depres- 
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sion is caused by the precipitated zinc cyanide or by the soluble double 
cyanide. With sphalerite, whose normal rate of flotation is 62 per cent, 
in distilled water, the addition of 2 lb. of sodium cyanide and 1 lb. of zinc 
sulfate gave a recovery of 63 per cent., and with 4 lb. of cyanide and 2 lb. 



Fig. 4. — Effect of zinc sulfate and cyanide on flotation of sulfide minerals. 

of zinc sulfate a decrease to 49 per cent. In the presence of zinc ferro- 
cyanide, made by adding 1 lb. of sodium ferrocyanide and 2 lb. of zinc 
sulfate, the recovery is only 56 per cent. No attempt will be made at 


0 D/siil fed Water 



Fig. 5. — Effect of zinc sulfate on flotation of sulfide minerals. 

this time to go further into the subject of properly proportioning the 
cyanide and zinc sulfate, the evidence being sufficiently clear that the 
zinc sulfate and cyanide should be substantially in the proportion indi- 
cated for the formation of the compounds Zn(CN) 2 . 
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The depressing action of the zinc-cyanide mixture is not caused 
entirely by the zinc sulfate, as may be seen by comparing the action of 
zinc sulfate alone in Figs. 5 and 6. 



Fig. 6. — Effect of zinc sulfate with lime and soda ash. 

Effect of Zinc Sulfate in Presence of Sodium Carbonate and Lime 

Figs. 5 and 6 show the action of zinc sulfate on galena, sphalerite, 
and pyrite when used alone and when used in the presence of lime and 
sodium carbonate. From this series of experiments, it appears that 
although zinc sulfate alone is a depressant for sphalerite, the effect is 



Fig. 7. — Floatability of sulfides with different periods of contact. 

greatly accentuated by the addition of the cyanide. Further advantage 
is gained by the use of the cyanide in that the depression of the galena 
produced by the zinc sulfate alone is not observed when cyanide is 
present. Obviously, then, the zinc sulfate and sodium cyanide com- 
bination is ideal for the commercial separation of galena from sphalerite 
and pyrite. 








360 EFFECT OP CYANOGEN ON FLOATABILITY OF SULFIDE MINERALS 


Time of Contact 

Fig. 7 shows the effect of time on the relative floatability of the 
three minerals. Increasing the time element appears to increase the 
depressing action on the sphalerite. The usual method of adding the 
mixture of zinc sulfate and cyanide at the ball mill ordinarily allows for a 
sufficient time of contact. 



Fig. 8. — Effect op concentration of zinc sulfate and cyanide. 
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Fig. 9. — Effect of copper sulfate on flotation of sphalerite and pyrite. 

Effect of Concentration of Zinc Sulfate and Cyanide Mixture 

Fig. 8 shows the effect of zinc sulfate and cyanide over the range of 
concentration covered. The flotation of the galena and sphalerite 
was about the same at all concentrations. Increasing the concentration 
still further inhibited the flotation of the pyrite. 
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Effect of Copper Sulfate on Sphalerite and Pyrite Sickened by Zinc Cyanide 

The use of copper sulfate for promoting the flotation of sphalerite has 
been standard practice for years. The following series of experiments 
were run to show that the sphalerite, deadened by the cyanide mixture, 
could be reactivated by the use of copper sulfate. Larger amounts 
of oil will be necessary to raise the deadened sphalerite to its normal 
rate of flotation. 
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-Effect of alkaline concentration, using zinc sulfate and cyanide 

WITH AND WITHOUT COPPER SULFATE. 


Figs. 9 and 10 show the effect of adding the copper sulfate to the 
previously sickened sphalerite and pyrite; the zinc is reactivated, but the 
pyrite is not, thus allowing a clean separation of the sphalerite and pyrite 
to be made. 

Table 1 shows the results of all the investigations that have been 
described. 


Effect of Each Reagent and Combination 

Our conclusions concerning the effect of each reagent and each 
combination of reagents upon the several minerals included in this study 
are as follows, 1 lb. of cyanide and 2 lb. of zinc sulfate with varying 
amounts of soda ash or lime being used in each case, unless otherwise 
specified: 


Galena 

1. Under the conditions of the experiment, the floatability of galena 

in distilled water alone is 92.0 per cent. 

2. Effect of Lme.— Floatability is decreased to 76 per cent, by 1 lb. of 
lime, and to 6 and 8 per cent, by 2 and 3 lb. respectively. 

3. Eifect of Soda A sA.— Floatability of galena appears to be unchanged 
by amounts of soda ash up to 3 lb. per ton. 
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Table 1. — Data Obtained from the Experiments 


Fig. 

No. 

Line 

Reagents 

0.92 Lb. Barrett #4 YarraourM 


Mineral 

Minus 200 Mesh 

No. 

CaO 

Nas- 

COs 

NbCnI ZnSO 

CuSO 


Galena 

Sphal- 

erite 

Pyrite 
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1 
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4. Effect of Cyanide Alone . — Floatability is increased to 96.0 per cent, 
with 1 pound. 

Effect of Cyanide and Soda Ash . — Same as for cyanide. 

Effect of Cyanide and Lime . — With 1 lb. of lime, same as for distilled 
water; rapid decrease of floatability with more lime, that is, to 43 per cent, 
with 2 lb. and to 32 per cent, with 3 lb. 

5. Effect of Zinc Sulfate . — Floatability of galena is slightly decreased 
by 2 lb. per ton of ore. 

Effect of Zinc Sulfate and Soda Ash . — With 2 lb. of zinc sulfate the 
flotation of galena is decreased to 77 per cent, with 1 lb. of soda ash, 
and to 75 per cent, with 2 lb. and to 73 per cent, with 3 lb. 

Effect of Zinc Sulfate and Lime . — Rapid decrease, 30-7-5 per cent, 
with 1, 2, and 3 lb. of lime. 

6. Effect of Cyanide and Zinc Sulfate Alone . — Same as that of distilled 
water. 

Effect of Cyanide and Zinc Sulfate and Soda Ash . — Possible slight 
increase up to 3 lb. of soda ash. 

Effect of Cyanide and Zinc Sulfate and Lime . — There is little effect 
with 1 lb. of lime; but rapid decrease with 2 and 3 Ib. 

7. Effect of High Zinc Cyanide Concentrations . — Increasing the con- 
centration gives a slight depression. 

8. Effect of Time of Contact . — Moderate depression with long periods 
of contact. 


Sphalerite 

1. The floatability of the sphalerite used varied from 62 to 87 per 
cent, depending on the amount of fine slimes in the minus 200-mesh 
product. 

2. Effect of Lime . — The effect of lime is, in general, to decrease the 
floatability at high concentrations; 1 lb. addition gave an acceleration 
from 62-74 per cent., but 2 and 3 lb. decreased it to 56 and 36 per 
cent., respectively. 

3. Effect of Soda Ash. — None. 

4. Effect of Cyanide Alone.— Yery slight decrease to 82 per cent, using 
distilled water floatability as 87 per cent. 

Effect of Cyanide and Soda . — No change. 

Effect of Cyanide and Lime . — Same as for cyanide alone; lime did not 
decrease the floatability in the presence of cyanide. 

5. Effect of Zinc Sulfate.— Decreases the floatability from 62 to 20 
per cent. 

Effect of Zinc Sulfate and Soda Ash.— Decrease to 23 per cent, with 
1 lb. addition, and 24 and 26 per cent, with 2 and 3 lb. respectively. 

Effect of Zinc Sulfate and Lme.— Gradual decrease with increasing 
concentration from 62 per cent, to 21—19 and 16 per cent. 
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6. Effect of Cyanide and Zinc Sulfate Alone. — Reduction in the rate 
of floatability from 62 to 5 per cent. 

Effect of Cyanide and Zinc Sulfate and Soda Ash. — Decreases from 62 
to 7-5-2 per cent, with increased soda ash concentration. 

Effect of Cyanide and Zinc Sulfate and Lime. — Decrease to about 4 
per cent, produced at all concentrations of lime. 

7. Effect of High Zinc Cyanide Concentration. — No change in rate of 
floatability over that of lower concentrations. 

8. Effect of Time of Contact. — Increasing depression on long contact 
with zinc-cyanide mixtures. 

Pyrite 

1. The floatability of pyrite in distilled water averaged 32 per cent. 

2. Effect of Lime. — ^Lime alone gives a rapid decrease in the rate of 
floatability with increased concentration, the rates being 30-18-7 per 
cent, with 1, 2, and 3 lb. respectively. 

3. Effect of Soda Ash. — Soda ash gives an increasing rate of floatability 
28-48-55 per cent., with 1, 2, and 3 lb. of soda ash. 

4. Effect of Cyanide Alone. — The rate of floatability decreases to 
21 per cent, with 1 lb. of cyanide. 

Effect of Cyanide and Soda Ash. — Rate of floatability changed from 
32 per cent, to 34-21-12 per cent, with 1, 2, and 3 lb. respectively, of 
soda ash. 

Effect of Cyanide and Lime. — Decrease to 8-15-18 per cent, with 1, 2, 
and 3 lb. of lime. 

5. Effect of Zinc Sulfate Alone. — ^Flotation is increased to 45 per cent, 
with 2 lb. of zinc sulfate. 

Effect of Zinc Sulfate and Soda Ash, — Flotation is increased over that 
in distilled water but decreased with increased concentration — 49-39-38 
per cent, with 1, 2, and 3 lb. respectively of soda ash. 

Effect of Zinc Sulfate and Lime. — Decreases with increased lime con- 
centration (33-19-13 per cent.), but not as low as with lime alone. 

6. Effect of Cyanide and Zinc Sulfate Alone. — Gives a slight decrease 
in the rate of floatability. 

Effect of Cyanide and Zinc Sulfate and Soda Ash. — Decreased float- 
ability with increased concentration of soda ash — 34-31-12 per cent, 
respectively. 

Effect of Cyanide and Zinc Sulfate and Lime. — Rapid decrease to 25- 
15-8 per cent, with 1, 2, and 3 lb. of lime. 

7. Effect of High Zinc-cyanide Concentration. — Rapid decrease with 
increasing concentration. 

8. Effect of Time of Contact. — No change. 

Having thus confirmed the beneficial effect of the zinc-cyanide com- 
bination in the separation of galena, sphalerite, and pyrite, it is of 
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interest to interpret its action as shown by microscopic study of the 
mineral surfaces themselves. 

Microscopic Investigations 

After preliminary investigation, it was found that the zinc-cyanide 
mixture appeared to have changed the surfaces of the pure minerals in 
some manner that apparently had a marked effect on their floatability. 
As the surface effects on the three minerals were unlike, it seemed prob- 
able that selective filming might account for the change in the rate 
of floatability . The following method of procedure was adopted in study- 
ing this filming action, the metallurgical microscope being used for the 
examination and photographing of the mineral surfaces. 

A piece of freshly broken sulfide mineral, about ^{e in. long, that 
showed a clean, plane face was used for each test. One-half of the surface 



Fig. 11. — Immeksion line of galena. 


of the mineral to be examined was coated with melted paraffin to prevent 
solution contact. The mineral particle was tied to the impeller shaft of 
a small M-S type machine and agitated in a solution containing 
zinc-cyanide mixture for 20 min. The mineral was taken from the 
machine, washed thoroughly with distilled water, and the paraffin 
removed. The dividing line between the surface in contact with the solu- 
tion and that covered with paraffin could then be easily seen and exam- 
ined microscopically. Figs. 11, 12, and 13 show the mineral particles 
after removal from the machine; the dividing line is visible on close 
examination; Figs. 14, 15, and 16 are photomicrographs of a section of 
the dividing line. In each case blank tests were run using distilled 
water alone, but in no instance did the mineral particles show any 
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indication of surface change or oxidation under the conditions described. 
It appears that the galena particle was the least affected by this treatment, 
the sphalerite next, and the pyrite most. 



Fig. 12. — Immersion line of sphalerite. 


In Fig. 13, which shows the pyrite grain, the surface effect is apparent 
to the unaided eye,* there is a sharp well-defined line of demarkation 
between the portion of the grain exposed to the solution and that which 



Fig. 13. — Immersion line of pyrite. 


had been protected by the paraflSn film. This surface effect is exceedingly 
clear in Fig. 16. The portion that had been exposed to the solution is non- 
reflective of light, while that which was paraffined possesses the full reflec- 
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tive characteristics of a perfectly polished surface. At a magnification 
of 145 diameters, the effect appears due to the quite uniform deposition 
of salts over the exposed area; also, there was an impression that the 
surface had been attacked; this latter condition was corroborated by the 
amount of cyanide consumed. To investigate further the etching or 
surface alteration, the area in question was vigorously rubbed with a 
piece of soft lens paper, which removed the absorbed salts. The area 



Fig. 14. — Photomicrograph of immersion line of galena. 


was examined under the same conditions of light and magnification as 
before. At this magnification (X145), the area that had been filmed and 
apparently etched showed nothing distinctive in the way of decreased 
luster when compared with the untreated portion of the pyrite, but it was 
evident that a very slight or incipient development of minute pits had 
resulted. At a higher magnification (X235) this difference between the 
two surfaces can be more clearly seen, but the evidences of surface dis- 
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solution are faint ^ most of the effect is due to a surface film or deposit 
of adsorbed salts. 

In sphalerite (Figs. 12 and 15), the eye can detect a difference between 
the exposed and unexposed portions of the particle. The distribution of 
adsorbed salts, as shown in the right-hand area of Fig. 15, is not nearly so 
uniform as in the case of the pyrite. Portions of the exposed surface show 
no deposited salts, and the adsorption may, in a general way, be described 



Fig. 15. — Photomicrograph of immersion line of sphalerite. 


as distinctly scattered or to consist of aggregates that might be expected 
to build up or spread out and cover the entire surface with a longer period 
of contact. In speaking of the distribution of the salts deposited being 
scattered, it is pointed out that this observation is made from a stand- 
point of microscopic distances, which can be better appreciated by 
bearing in mind that the actual diameter of the area shown in Fig. 15 is 
slightly more than 0.60 mm. 
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The effect of the zinc-cyanide mixture on the galena was not as appar- 
ent on the sphalerite and pyrite. In so far as could be determined by 
the unaided eye, there was no material change in the appearance of the 
surface. Fig. 14 shows a section of the dividing line under the same con- 
ditions as that of the sphalerite and pyrite, and the adsorption may be 
considered negligible. This specimen was examined at 750 diameters 
magnification and no material change could be noticed. 



Yiq, 16. — Photomicrograph of immersion line of pyrite. 


The facts noted in this report regarding observations made under the 
microscope should be considered as results of a preliminary investigation 
as much additional experimentation will be necessary to confirm some of 
the conclusions. Under the conditions described, however the evidence 
indicates that the three sulfides (galena, sphalerite, and p^te) are 
effected to a gradational extent that is clearly visible under the micro- 
scope, and which would seemingly account for the different rates of 

VOL. LXXIII. — 24 . 
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floatability obtained by the use of cyanogen compounds with other 
reagents in a flotation circuit. 

Microscopic examination has established the fact that certain reagents 
used in the flotation cell result in the alteration of the mineral surfaces 
as shown by Figs. 14, 15, and 16. That these artificial alterations materi- 
ally change the normal floatability constants of the minerals, as established 
under standard conditions, is shown by the tabulations of the experi- 
mental work. 

The results obtained in the present investigation suggest that the 
selective production of films on minerals is an important factor for con- 
sideration in the development of controlled differential flotation of all sul- 
fide minerals, and appears worthy of further research and experimentation. 

Briefiy summarized, the experimental work indicates that the prac- 
tice of using cyanide in combination with zinc sulfate rests upon solid 
foundation. This combination gives the most effective depression of 
sphalerite and pyrite without appreciably inhibiting the flotation of 
galena, thus allowing a clean separation of the three minerals to be made. 
It is believed that further research along the lines of selective filming, 
which is now in progress, will result in data of much value in connection 
with the elimination of pyrite from concentrates composed of copper- 
sulfide minerals in addition to those of lead and zinc. 

DISCUSSION 

B. Stevens, Temascaltepec, Mexico (written discussion). — Reference 
is made to the writer’s patent as though it were subsequent to those of 
Sheridan and Griswold. The dates of application are respectively 
as follows: 

March 8,1920, serial No. 364033, patent No. 1429544 
Jan. 13, 1921, serial No. 437030, patent No. 1421585 
Jan. 10, 1922, serial No. 528277, patent No. 1427235 

The work done by the authors is of the kind that is needed but the 
observation that cyanide alone does not affect flotation needs further 
investigation for it is contrary to general experience, and pure solutions 
are uncommon. 

In 1917, experiments conducted by Geo. B. Hinton on the ores of the 
Rincon Mine, Mexico, showed that a satisfactory flotation of the silver 
minerals (mainly pyrargyrite) could be made in water, while there was 
practically no flotation in cyanide solution. The writer thought it 
probable that inhibition was due to the dissolving action of the cyanide, 
which directly or indirectly prevented an oil film from being formed on 
the surface of the mineral. Working on this theory, in 1918, the writer 
used sodium-cyanide solution for the differential flotation of chalcopyrite 
and molybdenite at the Nogales, Ariz., mill of the Lower California 
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Metals Co. The mill, which was of 100 tons daily capacity, worked 
successfully on this process until the price of molybdenum rendered it 
unprofitable. A cyanide solution of about 0.1 per cent, was used and 
the chalcopyrite was afterwards floated by adding sulfuric acid. 

Experiments with cyanide were then (1918) made with other ores, 
notably the galena-blende-chalcopyrite ores of the Duquesne and Wash- 
ington Camp mines of Arizona; it was possible to separate the galena 
from the other minerals but not the chalcopyrite from the blende. Later 
the writer used metallic cyanide salts, because, in the cyanide process, 
such salts are known to have an action on some and not on other metals. 
This idea, being supported by experimental work, resulted in the writer's 
patent application of March 8, 1920, which was sought as a basic 
protection for the use of metallic cyanides and similar substances. 

The use of the electrochemical series in this connection is obvious, 
but the series for metallic sulfides is different from the better known one 
given in the textbooks which are only applicable to the elemental metals. 
The series for the simple sulfides of the metals is given by R. C. Wells.^ 
Inhibition of flotation may be caused directly by chemical activity 
between the surface and the solution or by the precipitation, on the surface, 
of some insoluble substance resulting from the chemical action. It 
might be theoretically interesting to know which of these produces inhi- 
bition in the present case but this knowledge is of no practical importance, 
because a precipitate from a solution on a surface is always due to the 
chemical action of the solution on that surface, and most of the simple 
metallic cyanides are insoluble. 

It is known that many minerals can be floated in metallurgical cyanide 
solution, e.g. tetrahedrite and the allied silver-bearing ores; flotation 
of this kind is being practiced at the cyanide mill of the Premier mine in 
Northern British Columbia. These minerals are almost insoluble in 
cyanide solution and their floatability indicates that inhibition of the 
kind investigated is due to the cyanide in the solutions rather than to 
the lime. 

2 The Fractional Precipitation of Some Ore-forming Compounds at Moderate 
Temperatures. U. S. Geol. Surv. Bull, No. 609. 
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Effect of Cyanogen Compounds on the Floatability of Pure 

Sulfide Minerals, — II* 

By E. L. Tucker t, J. F. GATEsf and R. E. HeadJ 

Previous investigations of E. L. Tucker and R. E. Head^ related 
in particular to the effect of cyanogen compounds on galena, sphalerite, 
and pyrite, and their behavior in the presence of such compounds. The 
present contribution deals with the floatability of the copper minerals 
and of pyrite. 

All experiments were performed on minus 200-mesh material, the 
method of preparation being the same as that described in the previous 
article. Flotation tests were made in a small mechanically agitated 
machine of 50-gm. capacity designed in this laboratory by Gates and 
Jacobsen. 2 General Naval Stores pine oil No. 5 and potassium xanthate 
were used in constant amount in all of the experiments; these agents 
were selected because of their present wide use in the flotation of copper 
minerals. Lime additions were varied to secure four final hydrogen ion 
concentrations, namely, neutral, 0.0005 per cent. CaO, 0.003 per cent. 
CaO, and 0.02 per cent. CaO. The variation in lime addition was 
introduced to include the range of alkalinities employed in actual 
flotation practice. 

The minerals employed were the purest obtainable. Their analyses 
are shown in the following tabulation : 


Table 1. — Analyses of Minerah Employed in Experiments 


Mineral Cu Fe CaO S MgO Insol. 

Chalcocite 77.02 0 49 0 29 21 70 0 08 0 28 

Chalcopyrite 34 50 29.20 0 23 34.10 0 07 1 42 

Bomite 64.30 9 30 0 12 23.70 0 10 1.95 

Pyrite 36.90 1.12 49.70 .... 1.51 


* Investigation conducted under cooperative agreement between the Bureau of 
Mines and the American Cyanamid Co. at the Intermountain Experiment Station, 
University of Utah, Salt Lake City, Utah. Published by permission of the Director, 
Bureau of Mines, and the American Cyanamid Co. 

t Technical Department, American Cyanamid Co. 

i Microscopist, Bureau of Mines. 

1 See page 354. 

* Development and Operation of a 50-gm. Flotation Machine, Eng, cfe Min. Jnl.-Pr.j 
vol. 119, 19 , 771; also Some Flotation Fundamentals and Their Practical Application, 
Bull. 16, Univ. of Utah, p. 40. 
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The chalcocite is thus quite pure, containing 77.0 per cent, copper 
compared with the 79.9 per cent, which is theoretical for CU 2 S. The 
chalcopyrite is also representative with 34.5 and 29.2 per cent, for the 
copper and the iron compared with 34.6 and 30.9 per cent., the theoretical 
for CuFeS 2 . The pyrite contains approximately the theoretical content 
of iron for FeS 2 . 

It is extremely difficult to secure bornite in the pure state. Taking 
the analyses given in the table above and assuming for bornite the for- 
mula Cu 3Fe S 3 it was found that the mineral used in the experiments 
was approximately 60 per cent, bornite and 40 per cent, chalcocite. 
This was the best grade of bornite that could be supplied by any of the 
firms dealing in natural mineral collections and any results obtained with 
it are probably comparable to those obtainable on a mill feed 
containing bornite. 

The data of the experimental work are shown in tabulated form in 
Table 2 and again graphically in Fig. 1 (page 376). 

Table 2. — Summary of Experimental Data 

I 

Sodium 
I Cyanide 
: Added (Lb. 
per Ton) 


Final Solution 






Neutral ... 

None 

92 0 

92 0 

91 7 

70 0 


0 5 

89 2 

79 8 

95.2 

21 0 


1 0 

85 4 

87 3 

90.5 

19.0 

Final Solution 






0.0005 per cent. CaO 

None 

94 3 

99 0 

92.2 

36 0 

0 5 

91.4 

87.3 

95.0 

14 0 


1 0 

88 1 

79 8 

90 5 

13 0 

Final Solution 






0.003 per cent. CaO . . . 

None 1 

93 3 

60 3 

j 96 0 

23.0 

0 5 ! 

92 1 

97 0 

95 0 

11 0 


1 0 ; 

90 0 

96 8 

94 . 5 

11.0 

Final Solution 






0.02 per cent. CaO 

None 1 

91 6 

15 2 

93 8 

2 0 

0 5 

91 2 

23 7 

62 4 

1 0 


1 0 

89 3 

16 6 

1 

73 1 

2.0 


Reagents: 0.612 lb. G. N. S. pine oil No. 5; 0.28 lb. potassium xanthate. 


Experimental Results 

The experimental results obtained on the respective minerals may be 
summarized as follows: 


Per Cent, of Mineral Recovered 


Chaleo- 1 Chalco- 
pynte | cite 


Bornite I Pyrite 
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Pijritv 

The flotation of pyrite can be almost entirely inhibited by proper 
alkalinity control; however, at any given solution alkalinity a 50 per 
cent, reduction in the floatability of pyrite may be effected by the use of 
sodium cyanide in an amount not exceeding 0.50 lb. per ton of mineral. 
Increasing the cyanide to 1 lb. per ton does not increase the effect. The 
minimum amount of cyanide necessary for positive depression of pyrite 
was not determined. 

Chalcopyrite 

The floatability of chalcopyrite is influenced but little by the degree 
of alkalinity of the solution. Consequently, a commercial separation of 
chalcopyrite from pyrite should be obtainable by establishing the solution 
alkalinity at a point sufficiently high to prevent the flotation of pyrite. 

Chalcocite 

Chalcocite, although slightly less sensitive to solution alkalinity 
than pyrite, is nevertheless depressed by increased alkalinity and a 
commercial separation from pyrite by alkalinity regulation would be 
made with great difficulty, if at all. 

Additions of cyanide as noted under pyrite have little effect on 
the floatability of chalcocite except at alkalinities which would normally 
cause depression of chalcocite. At such alkalinities the flotation of chal- 
cocite is increased by the presence of cyanide. The use of cyanide in the 
commercial separation of chalcocite and pyrite is therefore indicated. 

Bornite 

Bornite behaves similarly to chalcopyrite and could probably be 
separated from pyrite by control of solution alkalinity. It has been 
mentioned that the sample of bornite contained 40 per cent, chalcocite; 
the difficulty of obtaining uniform, uncontaminated bornite suggests 
that no two samples would give exactly the same results; however, 
experiments on specimens obtained from various localities duplicate in a 
general way the results reported here. 

Although it would thus appear possible to separate chalcopyrite from 
pyrite in the absence of chalcocite by alkalinity control alone, it may 
nevertheless prove desirable in practice to employ cyanide to insure a 
more permanent deadening of the pyrite particles. That the deadening 
effect produced by cyanide is more permanent than that produced by 
lime alone is shown by the following experiments: 

Fifty grams of pyrite were agitated for 15 min. in a 0.05 per cent, 
solution of lime; the lime solution was then filtered off and the pyrite 
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floated in distilled water. Fifty-nine per cent, of the mineral floated. 
This is practically the same as the amount recovered when pyrite was 
floated in distilled water without previous treatment with lime. 

In another experiment, made for the purpose of comparing the 
inhibitory action of cyanide and lime with that of lime alone, 0.5 lb. of 
sodium cyanide per ton of mineral was added to the lime solution. Fifty 
grams of pyrite were agitated in this solution for 15 min.; the solution 
was then removed by filtering and the pyrite subsequently subjected to 
flotation in distilled water as in the previous experiment. Only 30 per 
cent, of the pyrite floated, or approximately but one-half the amount 
recovered in the froth when lime was used alone. 

It is thus evident that the combination of lime and cyanide exerts a 
more permanent effect on the mineral than lime alone. This apparently 
indicates that the effect of the cyanide is largely confined to the mineral 
itself and not to the solution. 

It is well known that sodium cyanide is used in conjunction with 
zinc sulfate in the differential separation of lead and zinc. Indeed it is in 
many instances impracticable, in lead-zinc differential separation, to 
depress zinc properly by the use of cyanide alone while the lead con- 
centrate is being removed. The experiments on pure sphalerite reported 
in our previous paper lend confirmation to this belief. In the case of the 
separation of the copper minerals from pyrite, zinc sulfate has been 
found unnecessary. Experiments with the combination of zinc sulfate 
and cyanide, which are omitted here, gave irregular results that were in 
no instance better than those secured by use of cyanide alone. 

Finally, the effect of small amounts of acid soluble copper minerals 
on the floatability of the copper sulfides and of pyrite in the presence of 
cyanide was studied. This was done since it was considered possible 
that the soluble copper minerals, known to be cyanicides, might consume 
the cyanide before it had exerted a depressing action upon the pyrite. 
It was found that the effectiveness of cyanide as a depressant for pyrite 
was not altered by the presence of 1 per cent, of malachite or cuprite, 
and it may therefore be assumed that in practice the presence of minor 
amounts of acid soluble copper minerals may be disregarded. 

Microscopic Investigation 

The surface effect produced on galena, sphalerite, and pyrite by zinc 
sulfate and sodium cyanide was described in a recently published paper. 
The data given in the present article are the results of microscopic study 
of the surface effects produced on pyrite when exposed to contact with 
sodium cyanide and other reagents in a flotation cell, under conditions 
described in the preceding paragraphs. 


E. L. Tucker: hoc. cit. 
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The method of procedure was the same as that previously employed 
and described as follows: “A piece of freshly broken sulfide mineral, 
about 5/16-in. long, that showed a clean, plane face was used for each 
test. One-half of the surface of the mineral to be examined was coated 
with melted paraffin to prevent solution contact. The mineral particle 
was attached to the impeller shaft of a small M-S type machine and 
agitated in a distilled water solution containing sodium cyanide and 
lime, respectively, and also in a solution containing both cyanide 
and lime. After 10 min. agitation the mineral particle was removed from 
the cell, washed with a jet of distilled water, the paraffin carefully re- 
moved, and both the protected and unprotected portions of the surface 
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Fig. 1. — Graphic presentation of data of the experimental work. 

examined under the metallurgical microscope. As before, blank tests 
were run using distilled water alone, but no evidence of surface oxidation 
was observed. 

The photomicrographs show both surfaces at the dividing line between 
the portion of the particle protected from solution contact and that 
which was exposed. 

Fig. 2 shows that a distinct effect is produced on the surface of pyrite 
when sodium cyanide and lime are introduced into the flotation circuit. 
As shown in the photomicrograph, the effect cannot be described accu- 
rately as a film since the entire surface is not uniformly covered. This 
statement is true in regard to both photomicrographs, although each 
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shows the results produced under different conditions. Under the 
microscope the coating is resolved into innumerable individual particles, 
distributed over the exposed surface in a fairly uniform manner. 

It is noticeable that the adsorbed particles vary considerably in size 
especially when both lime and cyanide were used. Comparison of the 
lime-cyanide coating with that produced by cyanide and lime, respect- 
ively, as shown in Figs. 3, 4, suggests that the larger individuals in Fig. 2 
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of the pyrite than is the case with lime alone. In the case of lime and 
cyanide together it may be that the smaller particles of salts due to the 
effect of cyanide serve as a nucleus around which the lime particles 
build up; this may also account for the more permanent depressing 
effect on the pyrite than when lime alone was used. 



^ mm 


Fig. 3. — Unretouched photomicrograph showing the surface effect produced 
ON pyrite by cyanide^alone. X125. 

Although these photomicrographs were taken through the medium of 
the metallographic microscope, the surface deposits are clearly visible 
under the ordinary binocular microscope. With the aid of this instru- 
ment the absorbed salts are distinctly visible and are commonly white in 
color, although in some instances the pyrite surfaces presented a some- 
what bluish “or tarnished appearance similar to that produced by incipient 
surface oxidation. 

The surfaces shown in the photomicrographs are crystal planes and 
were selected for photographic reasons. The microscopic examination, 
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however, was not confined to these portions and the surface effect was 
found to be the same on all surfaces that had been exposed to solution 
contact. The study of the effects resulting from the procedure outlined 
was further extended to include an examination of the pyrite particles 
composing a regular test charge treated in the cell under the same solution 
conditions as obtained when the larger crystal faces were prepared 
for study. 



Fig. 4. — IInretouched photomicrograph showing the surface effect produced 
ON PYRITE BY LIME ALONE. Xl25. 

The surface of the small pyrite particles composing the charge showed 
the adhering salts similar to those obtained on the large test pieces, thus 
indicating that the abrasion due to collision of the mineral particles 
during agitation in the cell has no apparent effect on the formation of 
the deposit described. 

Qualitative microchemical tests made on salts removed from the 
surface of the pyrite crystal that had been exposed to contact with the 
lime-cyanide solution gave definite reactions for iron and lime. A similar 
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test made on the salts resulting from contact with cyanide alone gave 
with KSCN the characteristic claret red coloration indicative 
of ferric iron. 


Summary 

1. The laboratory experimental work has established a table of normal 
relative floatability for chalcopyrite, chalcocite, bornite, and pyrite in 
water under standard conditions. 

2. The use of cyanide and lime separately and in combination with 
each other was investigated and the effects produced on the floatability 
of the several minerals shown graphically. 

3. The evidence based on the experimental data indicates that the 
use of cyanide in conjunction with lime produces a more depressing 
action on pyrite than lime alone. 

4. Comparison of the surface effects produced by lime, and lime and 
cyanide in conjunction, apparently bears out the results obtained experi- 
mentally, that is, that the lime-cyanide combination is a more active 
retarder of pyrite floatability than lime used independently. 

5. Microscopic examination of pyrite surfaces that have been 
subjected to solution contact shows definite surface effects in the form 
of adsorbed salts. 

6. Marked action of high lime alkalinity in depressing the floatability 
of chalcocite is shown and the necessity for alkalinity control within 
restricted limits is suggested when elimination of pyrite from chalcocite 
ores is contemplated. 

7. The surface effect produced on pyrite when exposed to solutions 
in the flotation cell containing lime and cyanide, or either salt alone, is 
not a film but consists of particles either alone or agglomerated, which 
adhere to the surface. 

8. Microchemical tests made on particles removed from the surface 
of treated pyrite show the presence of ferric iron when lime and cyanide 
were used and also when cyanide was used without lime. 

Further investigations of the action of sodium cyanide on pyrite 
and its role in the selective recovery of the copper sulfides from ores 
containing pyrite are being conducted, but from the evidence available 
it would appear that a feasible method for the elimination of pyrite 
during copper concentration is indicated by the work described. 
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Mining and Preparation of Eastern Molding Sands 

By R. M Bird,* Philadelphia, Pa. 

(New York, Meeting, Febuary, 1926) 

Few persons outside of the foundry trade have any conception of the 
great variety of sands now regularly specified and furnished, nor of the 
differences in foundry practice frequently resulting from apparently 
minor changes in sands. Conditions in each locality where the sands 
are mined and prepared necessitate special equipment designed to per- 
form the work efficiently. The description that follows of the foundry- 
sand producing operations is typical of the areas in New York and New 
Jersey, and particularly refers to the operations of the George 
F. Pettinos Co. 

A few years ago the so-called Albany sands were dug by simple 
methods and hauled by horsecart to railroad. Depletion of sand near 
railroad sidings and extended use of automotive power have appreciably 
extended the area from which sand is now being dug. It is not unusual 
to haul 5 miles to the railroad. 

As stripping is quite shallow, 6 to 18 in., and the banks of usable 
sand generally run from 12 in. to 4 ft., it is economical to work the bank 
by benches so narrow that the overburden can be thrown by hand shovel 
to the exposed bottoms. In effect the top soil goes back to where it 
was, but on a lower level. Consequently the general surface appear- 
ance of a mined acreage is the same as before. This condition is in fact 
cutomarily required when a farm owner sells his sand in the ground. 
After such replacement, in the course of 3 to 5 years the soil is no less 
fertile than it was before mining. 

The sand itself varies as to grain and bond vertically and also along 
the breast. No mechanical equipment has been developed to compete 
with hand shovels and no machine has as yet been devised that grades 
the sand as required. Uniformity of sand, as shipped, depends first, 
last and all the time on the man on the job. Mixing equipment can 
change the appearance of the sand and mask its lack of uniformity, but 
it will never correct wrongly graded sand, dug from the bank. Modern 
methods of testing are helpful in setting up standards against which the 
man in the bank can compare his sands, but a good bank foreman is the 
only assurance that the sand, as dug, matches the required sample. 


George F. Pettinos Co, 
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Thus Albany sands of variable quality are hand dug from shallow 
banks and delivered direct to wagons or trucks from which they are in 
turn shoveled direct into the railroad car, or piled. Their ''preparation ” 
is only the handling they receive from the bank to the foundry floor. 

These sands are, normally, easy to dig as they are relatively free from 
stones. But when the winter frost of that very cold district gets into the 
bank, digging is difficult and selection practically impossible. Further- 
more, frozen sands whether or not thawed out before unloading from a 
box car are not pleasing to the eyes of the foundry superintendent. In 
April, May and June when the frost is finally all out of the ground, 
operations are bad. The wet sand is difficult to select and the muddy 
fields and roads slow up and increase the difficulties of transportation. 
Digging of the bank from the time frost hits it until dried out after the 
thaw is to be avoided as far as practicable. 

In anticipation of the emergency foundry requirements during that 
period it is good practice to dig and pile sand by grades during the season 
of good weather. For operating convenience some producers pile 
extensively, which allows more latitude to their operating men. 

Lumberton sands, of the Mt. Holly, N. J., district, present the same 
handling problems as do the Albany sands. The stripping runs from 12 
in. to 3}y'2 ff-) the sand from 18 in. to 5 ft., averaging about 3 ft. in 
the bank. The sand is more regular as to quality than the Albany 
sands. Devastations by the Japanese beetle have resulted in severe 
restrictions by the Department of Agriculture, culminating in the period 
from July 15 to Sept. 1, when the only shipments allowed outside of the 
quarantined district are in box cars fumigated by carbon bisulfide. 

South Jersey sands, notably those from the Millville district, present 
totally different problems to the producer. Here the coastal plain 
deposits yield sands of variable quality. On one 1750-acre property is 
found the widest range of quality imaginable, from the coarsest gravel 
to 100 average mesh. Probably no one factor has been more prominent 
in making Millville sands stand out as they do than the fireclay which is 
dispersed through the various deposits in percentages running up to 30. 

Stripping is naturally the first operative problem (Figs. 1 and la). 
The overburden to be removed is seldom less than 3 ft., running to about 
6 ft., with 5^'2 as a fair average. The country is rolling and fairly hilly, 
and it is difficult to lay out railroad tracks and keep under a maximum 
gradient of 5 to 100 ft. The land is overgrown with fairly dense bush 
and trees up to 6 in. in diameter. It used to be the tradition that the 
only possible way of removing this material was by horse and cart, but 
in 1924 trucks were tried out for this work. Loading of overburden by 
gasoline power shovel to 1-ton trucks has proved very satisfactory, 
although the wear and tear on truck engines is excessive, and cutting of 
pneumatic tires by stumps is, to some degree, unavoidable. 
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The Millville stripping operation is planned on the basis of as many 
trucks as can be effectively operated, having in mind the restrictions of 
space and the distance of hauling. Generally, one gasoline caterpillar 
shovel, with a 1-yd. bucket, one dip to the truck, should keep four trucks 
going an average distance of 75 yd. to the dump, 175 trips each in a 
9-hr. day. There are, however, many restricted operations where the 
stripping cost is excessive. 

To dig sands 5 to 30 ft. high in the bank economically requires 
mechanical equipment. Old steam traction shovels, with and 
buckets, are being replaced by gasoline caterpillar shovels with 1-yd. 
buckets. The flexibility of the caterpillar offers such an extension in 
the scope of operation that it is conservative to figure that it does the 
work of two of the older type of shovels. However, the decision to 
replace steam by gasoline in a distinctly steam-operated district and with 
a steam trained organization was reached only after a thorough study. 
The results have been gratifying. One unlicensed operator replaces a 
licensed engineer and fireman. At Millville the cost, delivered at the 
shovel, for gasoline is 24 per cent, over the cost of coal at Millville, but 
time to fire up is eliminated, and there is no water to haul a half mile or 
more to the remote bank or stripping operation. 

Over 1924 and 1925 the direct operative cost, including repairs, at 
the Pettinos plant is figured as $20 per day for the gasoline shovel and 
$25.70 for the steam machine. The chief source of trouble and expense 
with the gasoline shovels lies in the repair item of $10.30 per average 
operating day. At least three-quarters of this represents replacements of 
caterpillar drive and treads. The gasoline shovels move around con- 
siderably more than the steam, and the movement of this heavy equip- 
ment over soft sand constitutes severe duty upon wearing and bearing 
parts. Still, the gasoline shovel manufacturer can do much to improve 
his designs and materials. In this connection experience justifies our 
belief that properly designed oiled bronze or babbitt bearings are superior 
to manganese steel for wearing parts, such as treads, sprockets, shovel 
teeth and centrifugal pump members, where, as locally applied, they 
are subject primarily to abrasion and not to shock. 

At the Pettinos plant most of the Millville banks are dug with power 
shovels and loaded on 1-ton trucks or 4-yd. dump cars, running on three 
3-ft. gage track, 30-lb. rails, hauled by 11- and 14-ton steam locomotives 
(Fig. 2). Hand digging is resorted to where shallowness or inaccessibility 
of banks prohibits the use of a power shovel, or when more intimate 
turn-over of the sand is desired for direct rail shipment. 

River bottom sand, for the open-hearth and steel foundry, is dug 
under water by a stiff-leg derrick with l^-yd. orange-peel bucket, and 
piled on the bank for subsequent loading into cars or trucks by power 
shovel as desired. The sands from the various pits may go direct to the 
railroad by truck or to the ihixing, screening and storage plant by truck 
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or car, or direct to boat by car. The prepared material on stock is 
delivered to railroad or boat by truck. 

Single purpose screening or blending of two definite sands is fairly 
easy to accomplish. Revolving screens to eliminate stones from foundry 
gravels are numerous in southern New Jersey. 

Equipment for handling large tonnages of sharp sand presents no 
difliculties not readily solvable, and the same is true to a lesser degree 
for heavily bonded sands. But these problems are totally dilferent, 
and the equipment satisfactory for one will not do for the other. Gravity 



Fig. 3. — Mining sands by hydraulic methods, New Jersey. 


is a servant for sharp sand, but heavily bonded sand, when moist, as it is 
the year around in the ground, requires other treatment. Sharp sands 
are readily screened, but bonded sands screen with great difficulty when 
damp. Sharp, fine sand gets into bearings and mixes with the lubricating 
oil with much the same results as would be expected of carborundum 
as a lubricant. 

The method of work adopted must meet all of these conditions. It 
is necessary to deliver sand from all pits to a common point, then to 
mix and screen in any combination, and finally to deliver to stock any 
prepared material at a rate equal to the capacity of the digging and 
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transportation equipment. Since April, 1925, we have been operating 
at Millville the plant (Fig. 2a) which represents our attempt at a solution. 
It comprises several unusual features. 

Three parallel railroad tracks rest on the tops of the side walls of two 
concrete trenches, 65 ft. long, 5 ft. wide at the bottom, and of 5-ft. average 
depth. Dump cars on the center track can dump into either trench. 
From each outside track they can dump into the adjacent trench. Thus 
the trains can deliver into either trench layers of any combination of 
material desired. This is the first step in the control of any definite mix. 
In each trench a ^-yd. bottomless scraper drags the material to either 
one of two conveyor belts passing crosswise underneath both trenches. 
One of these, 24 in. wide, runs up to an elevation of 36 ft. above the 
ground, and thence horizontally 180 ft., at any point of which a tripper 
will throw off the sand. The second belt, 30 in. wide, carries the sand 
up to a revolving screen through the mesh of which it drops on to the 
first belt. The oversize from this screen is passed through a beater to 
break up any clay lumps and bonded aggregates which it then delivers 
to a second screen. The material passing through this screen also falls 
on to the first belt. The waste material, consisting almost entirely of 
stones, becomes an occasionally salable by-product. 

The flexibility of this equipment is at once apparent. Two materials, 
both of which require screening, such as heavily bonded gravel and 
coarse grit, go into a common trench and through the screen out to stock. 
A fine sand, not requiring screening, such as river bottoms, fed through 
one trench to the belt going direct to stock, meets a coarser, slightly 
bonded sand, fed through another trench and the screen plant, when the 
latter sand drops on to the first belt. 

The scraper operators are responsible for the delivery to the respective 
belts of the sands in proper proportion. Whatever lack of uniformity 
in feed exists disappears in the stock piles, which for standard mixes are 
cones of 2500 tons built up layer by layer and then dug by power shovels 
up the full height maintained in the pile. 

One gasoline shovel and four trucks will load a 900-ton boat in a 
9-hr. day. A 325-hp. Diesel engine tug tows two 900-ton boats for 
coastwise deliveries, so providing for waterway transportation. 

At this point let me comment on one of the many inconsistencies 
which are frequently met, in comparing methods in two fields. In the 
Albany district our men condemn the popular 1-ton dump truck so 
extensively and successully used throughout New Jersey; but a heavy 
truck from Schenectady finds a similar lack of favor at the 
Millville operations. 

Finally, hydraulic mining (Fig. 3) is not unusual for core sands. 
Such operations are substantially alike. The overburden, averaging 
5 ft. at one operation, and running from 8 to 20 ft. at another, is removed 
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by power shovel and trucks. Centrifugal pumps, from 4 to 12 in., are 
mounted on scows, driven by electric motors, and suck the sand and 
water through spiral-riveted pipes to the permanent washing plant up 
to 2000 ft. away. The sand pumped does not exceed 15 per cent, of the 
total weight of sand and water. The washing is done generally in a reel 
for removing stones and coarser sands. The remaining preparation 
consists merely in the washing out of the clay from the sand by means of 
a series of wooden wash boxes from each of which the sand is removed 
by screw conveyor or scraper. This type of operation is popular where 
the bottom of the bank of usable sand is far enough below water level to 
permit the floating of a scow. The equipment is simple and the 
operation economical. 


DISCUSSION 

W. M. Weigel, Washington, D. C. — How do you differentiate between 
sharp and strong sands? 

R. M. Bird. — Sharp sand is a silica sand containing little bond. How 
much bond is necessary to put it out of the so-called sharp class is a 
matter of personal opinion and tradition. Some call a silica sand contain- 
ing 3 per cent, clay a strong sand, particularly when it goes into the 
furnace bottom. Others, in steel foundry work and particularly in 
certain iron foundaries of Philadelphia, classify a sand containing 6 per 
cent, clay as sharp. It is a variable matter, but, generally speaking, 
I would say a sharp sand has no strength when bonded up, that is, when 
taken in the hand and molded out, whereas a strong sand has appreciable 
strength in the hand. 

W. A. Nelson, University, Va. — Is bentonite being used anywhere? 

R. M. Bird. — I know of no practical application of bentonite. It 
has been used experimentally by people like ourselves who are always 
looking for additional colloidal bonds and bonding clays, but, unfortu- 
nately, in the molding-sand industry of the East, you are limited by the 
ultimate cost per ton of the products as made against what you can get 
for it, and bentonite is out of the realm of practical application. 

W. A. Nelson. — A New York broker said he was shipping the 
material to molding-sands’ producers to mix with the molding sands. 
Do I understand that if you could get it cheaply enough, you could use it? 

R. M. Bird. — Yes. 

W. A. Nelson. — It has the quality you need? 

R. M. Bird. — Bentonite is excellent. 

W. A. Nelson. — What percentage would you want to use? 

R. M. Bird. — That is an open question, Mr. Nelson. I do not 
know that I am capable of answering it. Obviously the bentonite would 
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be shipped raw in order to conserve the freight rate to the point of its 
application, and then the question of how much bentonite you would 
use to bond up a ton of sand would depend entirely on the purpose of 
that sand. 

W. A. Nelson.— Probably. What I wish to get at is this: How 
much demand would there be for bentonite, say annually, to start with, 
if it could be obtained at a satisfactory price? 

R. A. Bull, Chicago, 111. — I know of a steel foundry that has been 
experimenting with bentonite as a substitute for clay for steel molding 
sand, with very desirable results, although the bentonite costs about 
$42.50 per ton delivered. It is sold under a commercial name, but it is 
actually bentonite from Wyoming. 

W. A. Nelson. — There are deposits of that same material in the 
southern states. It is not quite so good, and it occurs in 5 or 10-ft. layers. 

E. L. Jones. — A foundry in Milwaukee has been using bentonite for 
2 or 3 years; about 3 per cent, is used. 

H. Ries, Ithaca, N. Y. — Is the term ‘^sharp sand’’ altogether a correct 
one, Mr. Bird? The grains of any of these sharp sands, so-called, are 
very distinctly rounded, not angular at all. And where do you draw 
the dividing line between the sharp sand and another one in the 
other class? 

We have had some sands come to our notice that appear to be clean 
sands, apparently low in clay substance, and yet the A.F.A. fineness test 
showed that they contained as much as 10 and 12 per cent, clay substance 
and the bonding strength was quite low. Evidently the clay substance 
contained a minimum quantity of true clay. 

I would also like to ask Mr. Bird or Major Bull about the 
refractoriness of bentonite. 

R. A. Bull. — We have not made any tests to determine that, but 
the amount of bentonite used in what we call a facing mixture, the greater 
proportion of which is pure silica sand, is so small that apparently it 
does not noticeably affect the refractory quality of the mass. 

The foundry I spoke of has used this material quite successfully to 
emulsify oil for making cores so that they get substantially the same 
result in bonding the core sands with about half the amount of linseed oil. 

I am glad the discussion came up because if this particular foundry 
can secure the same or similar material at a substantial saving in price 
from $42.50, they would be decidedly interested in that. 

H. Ries.— Mr. Nelson, at what cost could bentonite be put on 
the market? 

W. A. Nelson. — It would depend on the tonnage. If you could get 
a steady tonnage, starting with about a carload a day, so that you could 
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give steady emplo 3 anent — I suppose it would have to be underground 
mining — the cost would be something like $10 a ton, with a freight rate 
of $10 to the farthest point in the East. That would be from Kentucky. 
It might be less than that, because the freight rate on barite from Georgia 
to New Jersey points several years ago was about $5 a ton. The fact 
that you would have to mine most of it underground eventually would 
run the cost up. It is in about 5-ft. layers in Kentucky. I think the 
Virginia material is a httle too coarse. I may find some other layers 
more colloidal, but the Virginia material I have seen is standing on end 
and has been subjected to a good deal of pressure and has lost much of its 
elasticity. I do not believe it would be very good for your use, but the 
Kentucky product probably would. 

As to the fusability, all of the analyses of bentonite I can remember 
showed a combination of sodium and potassium totaling from 4 to 
6 per cent. 

H. Ries. — Offhand I do not see any special reason why synthetic 
mixtures should not be used. I do not think that many synthetic mix- 
tures have been used in the case of ordinary iron molding sands. Am I 
right on that, Major Bull? 

R. A. Bull, Chicago, 111. — Yes. 

H. Ries. — It is rather easy to get iron molding sands of the proper 
quahty, but if you desire to use the furnace bottom sand with clay added 
I should think it would work. 

R. D. Carver. — With the Albany sand about 20 per cent, goes 
through 270 mesh and considerable remains on the 200 and 140 mesh, the 
largest percentage being on the 270 mesh. With the furnace bottom 
sand, only 1 per cent, goes through the 270 mesh and there is about 36 per 
cent, on 100 mesh. That shows that the furnace bottom sand is more 
uniform, and with a small amount of clay added good results should be 
obtained. The clay substance washed out was 9.2 per cent, on the 
Albany sand and about 12 per cent, on the furnace bottom sand. That 
is why it was rejected. I think that the more uniform the sand the 
better it will be. Whereas it was brought out that the Albany sands are 
only 13 in. thick, these sharp sands, if I am right, can be dug in large pits 
and thereby make quite a saving in mining. 

R. A. Bull. — The answer to this question depends on the variance 
with which the mixing is done in preparing the synthetic mixtures. If 
you have mechanical means for getting a good distribution of the 
materials, I should think the sands would work all right. Do you not 
think so, Mr. Bird? 

R. M. Bird, Philadelphia, Pa. — I think so. 
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R. A. Bull.— Y ou would have to determine whether the cost of the 
preparation of the mix was such as to justify the use of it as against the 
cost of the sand mixed by nature. 

R. M. Bird. — I can answer on this point. I showed you a picture of 
bank sand about 5 ft. high which is shipped to the steel foundries and 
used almost entirely by the Chester Steel Foundries. It also goes to 
certain iron foundries. The clay runs 18 per cent. Below that there is 
the same general structure of sand, but due to varying water levels in 
past ages the clays have been washed out, so that operating with a stiff- 
legged derrick from the top about 4 ft. above the present high tide down to 
10 ft. under water, where the clay has been practically all washed out, 
we get an average in that pile of about 6 per cent. clay. That is furnace 
bottom sand. In other words, the furnace bottom sand you are discuss- 
ing is simply steel molding sand with the clay washed out. The clay 
can be put back again, as Major Bull says, if it is properly mixed in. 

W. M. Weigel. — We cannot look at this matter in the same way for 
iron molding as in the case of synthetically-bonded sands for steel mold- 
ing. Most of the iron sand contains a considerable amount of bond, 
not clay, but hydrated iron or something like that with a considerably 
different bonding quality from that of the ordinary clay that may be 
used for steel molding sand. That point might be important in the 
preparation of a synthetic sand. 

C. A. Hansen, Schenectady, N. Y. (written discussion). — Bentonite 
from Belle Fourch6 (South Dakota) has been tested to some extent as a 
bonding material for molding sands. The bentonite was finely ground 
and mulled with a clay-free silica sand, the mixture being tempered to 
molding consistency in the mill. More than 20 well known and com- 
mercially important domestic and foreign plastic refractory clays have 
been tested to date in the same manner. 

Finely-ground bentonite becomes gelatinous almost immediately 
upon the addition of water; all of the clays require considerable time to 
slake, from several minutes to approximately an hour. This is reflected 
in the ageing of the freshly mixed sand, the clays requiring from several 
minutes to approximately an hour to develop maximum strength. 
Weight for weight, this bentonite was somewhat more than twice as effec- 
tive as the best clay in developing green strength in a molding sand. 

Cores, made from bentonite and sand and baked at low temperatures 
(under 150° C.) developed much greater dry strengths (tension and 
compression) than the best clay-sand mixtures. 

So much for the advantages, for they were outweighed by dis- 
advantages. This bentonite dehydrates very readily and, when once 
dehydrated, its bonding value seems to permanently disappear; it has no 
appreciable life in the molding sand heap. Its fusion temperature is very 
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low; Seger cones made with equal weights of bentonite and sand fused to 
a thin puddle at 1200° C., both in an oxidizing atmosphere and in hydro- 
gen. The actual fusion point was not determined, but it is evidently 
much below 1200° C. 

Bentonite, however, is not a specific material of fixed chemical 
composition. I understand that bentonites range from 3 per cent, to 
12 per cent., approximately, in alkali metal content. It would not, 
therefore, be fair to generalize too far on the strength of the results 
obtained with one bentonite variety, although I believe that the variety 
actually used is one of the few commercially important varieties. 
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The Use of Standard Tests of Molding Sands 

By H. Ries,* Ithaca, N. Y. 

(New York Meeting, February, 1926) 

In the marketing of mineral products, it is always highly desirable 
for both the producer and the consumer to be able to discuss things in a 
common language, and this can only be done if there are standard 
methods for expressing the properties of the raw materials. Having 
developed such a form of expression, the next step would be the 
making of specifications, which may serve as a basis for selecting 
raw materials. 

Considering the large number of non-metallic minerals that are 
used, there are not a few for which there are no standard laboratory tests 
to be used in determining their properties, or even standard specifications 
on which grades or market price may be based. Indeed in many cases 
the consumer simply requests the producer to submit samples, and rejects 
or accepts them without any explanation. Could the producer know 
in advance just what the consumer needed, time and money might often 
be saved. It appears to the writer that it is of the highest importance 
to devise standard laboratory tests wherever possible, as this enables 
the consumer to state definitely what he needs, and is of great assistance 
to the producer. It should also work to reduce misunderstandings 
and disputes. 

In the case of sands, we find that they show a wide variation in their 
character, ranging from those that are so coarse as to be of gravelly 
nature to those that are so fine that they might be classed as silt; and 
from very clayey ones to those that are practically free from clay. For 
this wide range of sands, we have a corresponding variety of uses, which 
are based mainly on the physical properties of the sand, although these 
are not always very definitely stated. The chemical composition need 
rarely be considered, if the sand is of siliceous nature. 

To determine and express these properties there should be standard 
tests, which are to be followed in all cases where the material is tested in 
the laboratory. 

The use of sands for foundry work (making molds or cores) is old, and 
it has been recognized for some time that the important properties to be 


* Professor, Economic Geology, Cornell University. 
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considered include bonding strength, permeability, texture, refractoriness, 
and life. We have, however, lacked uniform methods for measuring and 
expressing these properties. In many cases, the first two have been 
referred to as high or low, or the texture may have been described as 
fine, medium, or coarse. It is true that a number of tests for determining 
the properties of foundry sands have been described and used by differ- 
ent persons in both Europe and America, but as a rule the results have 
not been comparable, because the tests were not made under uniform 
conditions. That the results were not comparable was overlooked by 
many, until the problem had been carefully studied. 

Within the past three years, the Joint Molding Sand Research 
Committee organized by the American Foundrymen^s Association and 
the Engineering Division of the National Research Council, through its 
Sub-Committee on Tests, has devoted considerable time to this problem, 
and, with financial assistance from the former organization, has supported 
much necessary research with the object of obtaining reliable data on 
which the formulation of standard methods of testing could be based. The 
tests recommended together with the method of making them have been 
described elsewhere;^ they include tests for measuring the fineness, 
permeability, bond, and dye absorption. There still remain to be 
developed standard methods for determining, among other properties, 
the refractoriness and life of the sand, for expressing the grade or texture, 
by a single figure if possible, for testing the properties of core sands 
or core mixtures, etc. Much progress has been made toward formulat- 
ing these. 

Of prime importance however is the proper use of the data obtained 
through the medium of standard methods of testing, and I wish to stress 
this point particularly because there exists some misconception on the 
part of not a few. 

The writer has frequently been asked to state what permeability, 
bond strength, etc., a sand should show if it is to be used for casting 
iron, brass, or some other metal. This question cannot be answered 
definitely for several simple reasons. Sands showing a fairly wide 
range of certain properties at least can be used for casting any one of 
these metals, and the type of sand used is governed in part by the fact 
that the size alone of the casting will affect the type of sand to be 
employed, or artificial causes, such as the method of venting the mold, 
may exert a controlling influence. 

It is possible, and quite probable, that some day we shall be able to 
state, for example, that a sand to be used for brass castings up to, say, 
a certain size, should show a certain range of permeability, bond strength, 
and fineness, but we cannot do this until we have more data. But 
though the accomplishment of this may be delayed, it does not in any 


^ TrcinSt Amer. Found. Assn. 32, Pt. 2 
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way detract from the value of the standard tests. On the contrary, their 
widespread acceptance and employment has demonstrated their useful- 
ness in other directions. They can and should be used both as a check 
and as a form of specification, although this last word may not be alto- 
gether satisfactory to some. 

There is apparently no valid reason why the consumer should not 
demand a sand showing a certain range of permeability, bonding strength, 
dye absorption, and texture. It seems reasonable to assume that the 
producer can meet this demand by mining a sand of uniform quality; 
or, by mixing two sands, produce a blend of the requisite qualities. Some 
foundries even now are purchasing sands on this basis, and in the writer’s 
opinion this practice will spread. It represents a form of specification. 

The other use of standard tests will be in the foundry,* where the 
foundryman finds that the best results are often obtained by keeping 
the properties of his heap sand close to certain values of moisture, permea- 
bility and bonding strength. These values may be originally obtained 
by using a single sand or a mixture of sands, and daily checks of the sand 
heap are made to determine how close it is running to requirements. 
If there is a deviation, the necessary correction can be made by the addi- 
tion of some new sand or by regulating the moisture content, if that is 
necessary, because it is known that both permeability and bond strength 
vary with it. We thus have a form of specification that the foundry 
worker must meet. Testimony by foundrymen now using these standard 
control tests in their daily work shows that many dollars are saved, by 
reducing defects caused by the sand being in a bad condition. 

The value of the use of such standard tests is, furthermore, brought 
out by the fact that there are over 100 standard permeability apparatus 
in use, and their employment is spreading. They are employed by both 
producers and consumers. 

Much confusion still exists as to the grading of sands. The term 
grade refers solely to the texture of the material and at present there is 
no uniformity in expressing it. Some producers grade their sand accord- 
ing to numbers, others according to letters, each adopting his own series. 
Even in the same district, the same numbers may not represent the same 
grade when used by different producers; such a situation calls for a 
speedy remedy. There is absolutely no good reason, why six sands of 
the same grade, produced by as many firms in separated parts of the 
country, should not be known by the same number or letter. Such 
uniform grading is of particular value to the foundryman who may 
desire to obtain sand from a source not hitherto drawn on. Fortunately, 
a sub-committee of the American Foundrymen’s Association is now work- 


*H. W. Dietert, Commercial Application of Molding Sand Testing. Amer. 
Found. Assn, preprint 426 (1924). F. S. Wolf, and A. A. Grubb: Molding Sand 
Reclamation and Control Experiments. Ibid, preprint 430 (1924). 
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ing on this problem, having as a basis for study the fineness tests of sev- 
eral hundred sands that have been collected in many different areas of the 
United States, by the various state geological surveys cooperating with 
the American Foundrymen’s Association. 

DISCUSSION 

W. M. Weigel, Washington, D. C. — Professor Ries, would you care 
to anticipate how much consideration is being given the refractoriness of 
molding sands — is that still under investigation? 

H. Ries. — The refractoriness and life of a molding sand are both 
important properties. We naturally do not want to use a sand that is 
going to fuse very rapidly at the temperature at which the metal can be 
cast or one whose bond will be easily destroyed. We have not yet recom- 
mended a standard test for determining the refractoriness of molding 
sands. That question is under investigation. The Bureau of Mines 
Station at Columbus and the Canadian Bureau of Mines are cooperating 
with us on the problem. We are hoping to get the reports from these 
institutions very shortly. Until then we cannot proceed with the 
formulation of a standard test for refractoriness and life. 

R. D. Carver, Everett, Mass. — I have run some tests on an Albany 
No. 2 sand used in an iron foundry making castings from 1 to 25 lb., and 
a furnace bottom sand and obtained certain properties. This furnace 
bottom sand has been rejected as having too high a clay content for the 
open hearth. I want to use this as a molding sand by adding 1 or 2 per 
cent, of clay. I am of the opinion that this furnace bottom sand can be 
used even better than the Albany sand for molding sand. 

At 3.8 per cent, moisture in the furnace bottom sand I get a maximum 
strength of 155 gm. This is more than that obtained with the No. 2 
Albany sand which gives a maximum strength of 135 at 4.8 per cent, 
moisture. The strength of the furnace bottom sand is too low at the 
moisture content at which we wish to use it and therefore we propose to 
mix with it a clay bond. We get the best results in the foundry when the 
moisture content of the sand is between 5 and 6 per cent. The maximum 
permeability in the furnace bottom sand is 145 at 4.4 per cent, moisture 
and in the No. 2 Albany, only 53 at 7 per cent, moisture. I note from Mr. 
Bird’s paper that Albany deposits average about 18 in. in thickness and 
vary considerably in properties; whereas, the sharp sands in New Jersey 
occur in large banks. Can we not get more uniform results by using this 
sharp sand and adding the correct amount of bond? 



398 


AMBEICAN GLASS SANDS 


American Glass Sands, Their Properties and Preparation 

By Charles R. Fettkb,* Ph. D., Pittsburgh, Pa. 

(New York Meeting, February, 1926) 

In the present day manufacture of glass nearly pure quartz sands are 
used almost exclusively as the source of the silica, which is the major 
constituent of all common varieties of glass. Ordinary soda-lime, such 
as bottle, common tableware, plate, and window glasses, contains from 65 
to 75 per cent, of silica. 


Occurrence 

Glass sands occur in nature either in the form of loose, unconsolidated 
sediments or in deposits in which the individual grains have been more or 
less thoroughly bound together by some cementing agent so as to form 
sandstones. While deposits of sand and sandstones occur both widely 
and abundantly distributed, deposits that are sufficiently free from other 
constituents than quartz grains, so that they can be employed in the 
manufacture of the better grades of glass, are, comparatively speaking, 
of rare occurrence. 

The major portion of the glass sand produced in the United States 
comes from sandstones. In order to be suitable for glass sand, they 
should be rather friable. The rock should break down readily along the 
cementing material between the grains and should not break across the 
grains rather than along the bond. Some of the sandstones used are so 
friable that only light shots of slow-burning dynamite are necessary to 
disintegrate them sufficiently for hydraulic mining, while others have to 
be passed through crushers in order to disintegrate the rock into its 
individual grains. 


Mineralogical Composition 

An ideal glass sand is made up entirely of grains of the mineral quartz 
free from inclusions of foreign substances. Sands containing 100 per 
cent, silica, however, are not found in nature, although some very nearly 
approach this composition. 


• Assoc. Professor of Geology and Mineralogy, Carnegie Institute of Technology, 
Pittsburgh, Pa. 
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Minute inclusions of foreign substances are sometimes present in the 
quartz grains themselves. These may be divided into gaseous, liquid and 
solid — the latter usually consisting of minerals of various kinds. The 
liquid in most cases is water, but liquid carbon dioxide may also occur. 
Gaseous bubbles often accompany the liquid. The milky-white color 
developed in certain quartzes is generally due to the reflection of light 
from inclusions of gas and liquid. Among the solid inclusions that may 
occur in quartz grains are a considerable number of minerals. One of the 
most common of these is rutile, which often occurs in quartz as extremely 
thin microscopic needles. Minute crystals of apatite and ilmenite 
abound in some quartz grains. Other minerals occasionally found as 
inclusions are needles of actinolite, chlorite, epidote, tremolite, and 
tourmaline. These are the most common mineral inclusions, but others 
have also been found in certain quartzes. 

Besides the minerals that may occur as minute inclusions in the quartz 
grains themselves, there are a considerable number of others that may be 
present in very minor amounts in glass sands either as individual grains 
or as thin films upon the surface of the quartz grains. Among those that 
have been identified in various American and foreign glass sands are 
andalusite, apatite, calcite, chlorite, cyanite, dolomite, epidote, feldspars 
(including microcline, orthoclase and plagioclase), garnet, hematite, 
hornblende, ilmenite and its alteration product leucoxene, kaolinite, 
Umonite, magnetite, micas (including biotite, muscovite, and seri- 
cite), rutile, staurolite, titanite, tourmaline, and zircon. 

Chemical Composition 

When a complete chemical analysis of a glass sand is made there are 
almost invariably found to be present, in addition to the silica which 
constitutes the bulk of the sand, minute quantities of alumina, ferric and 
ferrous oxides, lime, magnesia, titanium oxide, traces of the alkalies, 
varying amounts of water, and occasionally a little organic matter in the 
form of coal or decayed vegetation. Some of these constituents are 
harmless, while others have a very deleterious effect upon the glass. 

According to the committee on standards of the glass section of the 
American Ceramic Society, the chief criterion for a good glass sand is that 
it should be practically all silica and contain very little iron. The sand 
must not be contaminated with stripping dirt or contain any crushed 
stones or pebbles. These impurities are often insoluble in the melting 
glass, producing stones. The committee working in cooperation with 
the U. S. Bureau of Standards has drawn up the following tentative 
specifications for silica sand for glass-making:^ 

^ Proposed Tentative Specifications for Silica Sand for Glass-making. BuU, 
American Ceramic Soc. (1923) 2, 182. 
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Percentage Composition op Sands op Various Qualities 


(Based on ignited samples) 


Qualities 

SiOi 

AIK). 

Fe.O. 

CaO + MgO 

Max. 

Min. 

Max. 

Min. 

Max. 

Min. 

Max. 

Min. 

First quality, optical glass 

[ 

99.8 

0.1 


! 

0.02 


0 1 


Second quality, flint glass, containers and 









tableware 


98.5 

0.5 


0 035 


0.2 


Third quahty, flint glass 


95.0 

4.0 


0 035 


0 5 


Fourth quality, sheet glass, rolled and 









polished plate 


98 5 

0.5 


0.06 


0.5 


Fifth quality, sheet glass, rolled and pol- 









ished plate 


95.0 

4 0 


0 06 


0.5 


Sixth quality, green glass, containers and 









window glass 


98.0 

0.6 


0 3 


0.6 


Seventh quality, green fi^ass ... 


95.0 

4.0 


0 3 


0.5 


Eighth quality, amber glass, containers . 


98 0 

0 5 


1 0 


0.5 


Ninth quality, amber. ... . j 

i 


95 0 

4 0 


1.0 


0.6 



In commenting on the above, the committee states that in view of 
the increasing use of alumina in a glass batch and of the varying amounts 
of iron allowable in green or amber glass, sand of lower grade may be 
used by many manufacturers. The above specifications show a variety 
of qualities and state more or less definitely the types of glass they may be 
used for. The quality number is not to be interpreted necessarily as 
an index to the value of the product. 

Although glass sands may vary considerably in composition, depend- 
ing on the type of glass that is to be made, it is highly desirable, and in 
most cases imperative, that there shall not be very much variation from 
shipment to shipment. The committee has proposed the following 
tolerances: 


Percentage Tolerances in Composition Allowed 


(Based on ignited samples) 


1 


Quality 


SiOt 


A1,0, 


FeaO* 


CaO 4- MgO 


± 0.1 

± 0.5 

±1.0 

± 0.5 

±1.0 

±1.0 

±1.0 

±1.0 

± 1.0 


± 0.05 

±0.1 

± 0.5 

± 0.1 

± 0.5 

± 0.5 

± 0.5 

± 0.5 

± 0.5 


± 0.005 

± 0.05 

± 0.005 

± 0.05 

± 0.005 

± 0.1 

± 0.005 

± 0.1 

± 0.005 

± 0.1 

± 0.05 

± 0.1 

± 0.05 

± 0.1 

± 0.1 

± 0.1 

± 0.1 

± 0.1 
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Alumina 

Alumina is usually present in glass sands in the form of clay or kaolin- 
ite. It may, however, also occur as muscovite or sericite mica or 
feldspar. Clay or kaolinite, as well as the micas, can usually be largely 
eliminated by carefully washing the sand, but alumina present as feldspar 
cannot be gotten rid of in this manner. If the clay content of a sand is 
high, the iron content also is apt to be high as the clay is very likely to 
have limonite associated with it. 

For first class optical glass the alumina content of the sand must be 
low, 0.1 per cent, or less, on account of its effect upon the optical constants 
of the glass. Plate glass manufacturers, as a rule, also prefer a low 
alumina content in their sands. Fulton^ gives the desirable limit as 
0. 1 per cent, and the maximum permissible limit as 0.5 per cent. Shively,** 
on the other hand, strongly recommends alumina to the manufacturers 
of glass containers. 

The presence of small amounts of alumina in a glass sand is not 
necessarily detrimental in the manufacture of the ordinary types of glass. 
In some instances it is not only harmless but actually beneficial. At 
present, there is a tendency among many glass manufacturers to use 
more alumina in their glass than in the past. 

Alumina decreases the solubility of glass in water, weak acids, and 
other reagents, which is very desirable in the case of bottles and chemical 
glassware. Baillie'* has shown experimentally that alumina has more 
influence in reducing the solubility of glass than lime. According to 
Shively^ the U. S. Bureau of Standards has checked Baillie’s work and 
has obtained the same results, namely, that alumina substituted for lime 
in a glass batch will reduce the solubility of the resulting glass. Frink® 
has also found that alumina decreases the solubility of glass in water, 
weak acids, and other reagents, but that in amounts up to 4 per cent, it 
does not offer as much resistance as does lime. 

English and Turner^ have found that glasses containing considerable 
amounts of alumina have comparatively low coefficients of expansion. 
Their experiments have shown that alumina reduces the thermal expan- 

2 C. E. Fulton, Chief Ceramic Engineer, Pittsburgh Plate Glass Co. Private 
communication. 

3 R. R. Shively: The Use of Alumina in Glass. The Ceramist (1924) May, 86. 

^W. L. Baillie: An Examination and Extension of Zulkowski’s Theory of the 

Relation Between the Composition and Durability of Glasses. Jnl. Soc. Glass Tech- 
nology (1922) 6 , 68. 

^ R. R. Shively: The Use of Alumina in Glass. The Ceramist (1924) May, 83. 

»R. L. Frink: The Requirement of Glass for Bottling Purposes. Trans. Amer- 
ican Ceramic Soc. (1913) 16 , 706. . . 

7 S. English and W. E. S. Turner: The Thermal Expansion of Glasses Containing 

Aluminum. Jnl. Soc. Glass Technology (1921) 6, 183. 

VOL. i.xxiii.— 26. 
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sion of trisilicate glasses, not only very much more than calcium, but very 
much more so than magnesium. Shively, likewise, has observed that 
by replacing part of the lime in glass batches with alumina, the resulting 
glass withstands much more rapid changes of temperature without 
breaking than the higher lime glasses. 

An Aid in Preventing Devitrification 

It is generally conceded by glass chemists that alumina aids in 
preventing devitrification. Dimbleby, Hodkin and Turner® state that 
there is abundant proof of the value of alumina in preventing devitrifica- 
tion. Hovestadt® attributed the ability of Thuringian thermometer 
glass to withstand repeated melting and working without change to 
the fact that the 3.66 per cent, of alumina present in the Martinsroda 
sand from which it was made tended to prevent incipient cr 3 \stallization 
or devitrification. 

The annealing temperature of alumina-containing glass is generally 
less than that of the corresponding lime glasses, according to English 
and Turner.^® No case was found in which it was greater. In other 
words, annealing is rendered easier by the presence of alumina. 

It was for a long time believed that alumina tended to decrease the 
fusibility of glass. Singer, however, has carried on some experiments on 
the influence of alumina on the fusibility of lime-soda glasses in which he 
found that, instead of decreasing, it increases the fusibility of this type of 
glass even in amounts up to 8 per cent, of the total composition 
of the glass. 

Singer worked with glasses of the composition .5Na20:.5Ca0:3Si02 
and .4Na20:.6Ca0:3Si02. He concludes that it is possible to improve 
the quality and to reduce the cost of production of glass simultaneously 
by the introduction of suitable quantities of alumina, but it is not at 
present possible to put forward a theoretical scheme defining the exact 
quantity. The limits to the use of alumina in glasses of different com- 
position are variable, and the amount that would be necessary and 
beneficial in one type of glass might be detrimental in another. In every 
case, however, the beneficial effects due to alumina increase up to a 
certain definite point with increasing additions of alumina, and this 
point can be definitely determined for any type of glass. Further addi- 
tions of alumina beyond this limit are detrimental in all cases. 

* Violet Dimbleby, F. W. Hodkin and W. E. S. Turner: The Influence of Aluminum 
on the Properties of Glass. Jnl. Soc. Glass Technology (1921) 5, 107. 

® H. -Ho vestadt : Jena Glass and Its Scientific Uses. Translated by J. D. Everett 
and Alice Everett, London. (1902) 21. 

English and W. E. S. Turner: The Effect of Aluminum on the Annealing 
Temperature of Glass. JnL Soc. Glass Technology (1921) 6, 115. 

F. Singer: The Influence of Alumina on the Fusibility of Glasses. Keramische 
Rundschau (1917) 26, 142. Abstracted in Jnl Soc. Glass Technology (1918) 2, 53. 



CHARLES R. FETTKE 


403 


Springer'^ was not able to verify all of Singer^s results and found that 
alumina even in small amounts decreases the fusibility of a high alkali 
glass or a normal glass of the standard type, .5Na20:.5Ca0:3Si02, and 
retards fining. In the case of glasses rich in lime and correspondingly 
low in alkalies, however, he found that the addition of alumina did 
increase the fusibility and accelerated fining, and this within hmits in 
proportion to the amount of alumina added. Springer concludes that the 
effect of alumina on the fusibility of a glass depends on many circum- 
stances, but particularly on the composition of the glass, and cannot be 
stated as a fixed and definite rule. 

Dimbleby, Hodkin and Turner'^ found that moderately hard soda- 
lime glass was rendered more readily fusible by the addition of small 
amounts of alumina and that the glass of the percentage composition, 
SiOs, 74.13; AI2O3, 2.67; CaO, 9.74; NaiO, 13.54, melted and fined more 
easily than the corresponding lime glass without alumina. 

According to Frink^^ alumina increases the surface tension of the glass 
when chilled rapidly. This is beneficial in molding, as the glass will not 
take on the minor imperfections of the mold, and on the other hand, will 
still be sufficiently viscous to assume the general shape of the mold. Alu- 
mina is also believed by several observers to increase the tensile strength, 
hardness, and brilliancy of glass somewhat. 

Frink states that glass cullet containing alumina does not mix well 
with other glass and, therefore, tends to produce cords or striae when 
used. He also holds that the viscosity of a glass is greater when the 
alumina content exceeds 3 per cent. Turner has also noted a greater 
viscosity in alumina-lime glasses as compared with lime glasses. Brock- 
bank^^ has called attention to the possibility that the blue color in the 
case of some glasses, where salt cake has been used in the batch, may not 
be due altogether to iron present as an impurity, but may be due to the 
formation of compounds of sulfur and alumina analogous in composition 
to ultramarine blue which consists of sodium, aluminum, silicon, sulfur 
and oxygen. 


Iron Oxides 

Iron, either in the ferrous or ferric states, because of its coloring 
effect upon the glass, is the most detrimental impurity found in glass 

12 L. Springer: The Influence of Alumina on the Fusibility of Glasses. Keramische 
Rundschau (1917) 25 , 243. Abstracted in Jnl Soc. Glass Technology (1918) 2 , 88. 

Violet Dimbleby, F. W. Hodkin and W. E. S. Turner: The Influence of Alu- 
minum on the Properties of Glass. Jnl. Soc. Glass Technology (1921) 6, 107. 

R. L. Frink: The Effects of Alumina on Glass. Trans. American Ceramic Soc. 

(1909) 11 , 99. . 

i®C. J. Brockbank: The Technical Control of a Window Glass Tank Furnace. 

Trans. American Ceramic Soc. (1915) 17 , 225. 
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sands. Ferrous iron imparts a green tint to glass, while ferric iron pro- 
duces a yellow tint which is not nearly so noticeable. Since most glass is 
made under reducing conditions, the green color is the one usually 
developed. When the amount of iron present is small, this coloring 
effect can in part be overcome by the use of a decolorizer, such as 
manganese dioxide, nickel oxide, or selenium. According to Hodkin 
and Cousen,^® perfect decolorization is only obtained with glasses con- 
taining 0.09 to 0.1 per cent, of ferric oxide or less, those with 
higher amounts showing a loss of brightness, the depth of color being 
dependent upon the amounts of iron oxide and decolorizer present. This 
means that even if all other batch materials are pure, a condition extremely 
unlikely, a sand containing above 0.10 per cent, of ferric oxide will not 
give good colorless glass even when decolorized. 

American glass manufacturers in recent years have been demanding 
an increasingly lower iron oxide content in the sands they use. The sands 
at present used in the manufacture of optical glass contain from 0.014 to 
.016 per cent, of ferric oxide, those used for chemical glassware below 0.02 
per cent., while for good colorless bottles and containers the sand should 
preferably contain not more than 0.3 and should not exceed 0.04 per cent. 
Plate glass manufacturers employ sands containing from 0.05 to 0.15 per 
cent, of ferric oxide, although usually the percentage does not exceed 0.10. 
Some window glass manufacturers now demand sand containing less than 
0.08 per cent, of ferric oxide. For ordinary green and amber bottles, sands 
containing from 0.3 to 1.0 per cent, or even more of ferric oxide can 
be used. 

Iron may be present in the sand in the form of lirnonite, hematite, 
magnetite, ilmcnite, biotite, hornblende, chlorite, or some other iron- 
bearing minerals. A little may also be introduced as metallic iron from 
the machinery used in crushing sandstone to sand. If it is present as 
lirnonite or hematite closely associated with kaolinite or clay, it may in 
large part be removed by washing. If, on the other hand, the lirnonite 
or hematite adheres closely as a coating to the quartz grains washing is 
of no avail. Metallic iron, magnetite and ilmenite can be removed from 
sand by means of a magnetic separator. 

Lime 

The amount of lime present in most American glass sands is so small 
that it has no detrimental effect upon the glass. All the common varie- 
ties such as bottle, plate and window glass contain lime as an essential 
constituent. A few glass sands in use at the present time contain as 
high as 1 per cent., or even more, of lime. Where this is compensated for 

F. W. Hodkin and A. Cousen: A Textbook of Glass Technology. I./ondon 
(1925) 66. 
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in the batch formula, good results are obtained. When the lime content 
of the sand exceeds 0.5 per cent., it is exceedingly important that the 
amount does not vary very much from shipment to shipment for it is 
difficult for the glass manufacturer to adjust his formula for every new 
shipment of sand received. 


Magnesia 

Magnesia is much more apt to be introduced into the glass batch 
through the limestone used than through the sand. The composition of 
the former, therefore, must be watched with respect to this constituent. 
In the case of most American glass sands, the magnesia content is prac- 
tically negligible. 

When magnesia is added to a soda-lime glass, to replace the lime 
molecularly, a readier melting and easier working glass is produced, 
provided the amount of magnesia is kept below a certain limit. A glass 
containing 9.26 per cent, of lime will have a slower rate of melting and 
be more difficult to w^ork than a glass with ().43 per cent, of lime and 2.58 
per cent, of magnesia or any intermediate composition between those 
limits. Beyond this proportion, howTver, further addition of magnesia 
becomes decreasiilgly beneficial and w^heii the two oxides are together in 
equi-molecular proportions, as is the case when true dolomite is used, 
it is not as easy to melt as the corresponding lime glass and somewhat 
less easy to work. According to Ilodkin and Cousen^^ magnesia improves 
the lamp-w^orking properties of lime-containing glass and diminishes the 
tendency to devitrification. 

English and Turner’*^ have shown that magnesia, as compared with 
lime, tends to give a lower annealing point to the glass of which it is 
a component. 


Alkalies, Etc. 

Alkalies enter into the composition of all ordinary types of glass and 
the minute traces occasionally present in the sand are not harmful. 
Titanium oxide probably rarely occurs in glass sands in sufficient amounts 
to have any detrimental effects upon the glass. It usually occurs in 
the sand as minute hair-like inclusions of rutile in the quartz grains 
themselves, although a little may also be present in the form of individual 
grains of rutile, ilmenite or titanite. Grains of zircon, which are occa- 

Violet Dimbleby, F. W. Hodkiii and W. E. S. Turner: Some Properties of Lime- 
magnesia Glasses and Their Commercial Application. Parts I and II, JnL Soc. Glass 
Technology (1921), 6, 352. 

18 F. \V. Hodkin and A. Couscn: A Textbook of Glass Technology. London 
(1925) 109. 

i®S. English and W. E. S. Turner: The Annealing Temperatures of Magnesia- 
soda Glasses. JnL Soc. Glass Technology (1919) 3 , 278. 
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sionally found in glass sands, are very undesirable on account of their 
refractoriness. They are apt to remain as stones in the glass. American 
glass sands rarely contain this mineral. 

Organic Matter 

Organic matter is occasionally present in small amounts in glass sands, 
either in the form of fragments of coal or as decayed vegetable matter. 
Some sandstones used for glass sand, such as those from the Pottsville 
formation of Ohio, Pennsylvania and West Virginia, sometimes contain 
thin streaks of coal which may not be entirely eliminated in the washing 
process. Unconsolidated surface sands may contain small amounts 
of decayed vegetable matter that are not entirely removed in the prepara- 
tion of the sand for the market. Sometimes organic matter, such as 
coal, etc., is accidentally introduced into the sand during shipment and 
subsequent handling. 

Sands used in the manufacture of lead glasses must be free from 
organic matter on account of the reducing action which it exerts upon 
lead compounds. Manufacturers of other high grade and special glasses 
made in pot furnaces also usually demand an absence of organic matter 
in their sand. In the case of glasses in which salt cake is used as a source 
of sodium, some form of carbon has to be added to the batch to enable 
the silica to decompose the sulfate. 

Flint^^ in commenting on the influence of organic matter states that 
ordinarily 25 to 30 pounds of cullet are fed into the tank along with 100 
pounds of batch. Two or three times in an 8-hour shift the floor around the 
machines is swept up and the cullet so gathered is fed back into the tank. 
This means that 200 out of several thousand pounds of cullet are covered 
with grease, oil, and sawdust. This would seem to indicate that in a glass 
tank a little organic matter is not necessarily harmful. It is partly taken 
care of by the use of small quantities of oxidizers, such as arsenic oxide or 
niter. A considerable portion of the carbonaceous matter is burned while 
riding on top of the batch and the rest is oxidized chemically. 

Size of Grains 

Uniformity in size of grains is perhaps of more importance in a glass 
sand than the actual size of the grains themselves, although it is very 
essential that the sand be neither too coarse nor too fine. McSwiney^^ 
has recently very ably discussed the effect of grain size in connection with 
the production of soda-lime glass. The process of glass production from 
the batch is conducted in three stages. First, the raw materials are 

F. C, Flint, chief chemist, Hazel-Atlas Glass Co. Private communication. 

D. J. McSwiney: Effect of Sand Grain Size on Rate of Melting and Refining of 
Soda-lime Glass. The Glass Industry (1925) 6, 211. 
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heated to a temperature sufficiently high that the ingredients melt and 
react with one another to form glass. Then the temperature is raised 
somewhat to cause the glass to become more fluid, thus allowing the 
excess gases still held by it to pass off more freely. This is called the 
fining'^ process. Finally, the glass is allowed to cool down to 
working viscosity. 

The first two stages overlap one another. The first action that takes 
place is the combination of the soda ash and limestone with silica to form 
normal sodium and lime silicates. This reaction takes place on the 
surface of the sand grains. The carbon dioxide of the soda and limestone 
is liberated at this time and in part escapes and in part is retained until 
the fining^’ stage is reached. All of the silica is not required to satisfy 
this reaction. Perhaps only two or three parts out of six are used in this 
way. The remaining three or four then slowly dissolve in or combine 
with the molten sodium and lime silicates. As the silica content of the 
resulting glass increases, its viscosity does likewise. 

If the sand grains are too fine the first reaction will take place so 
rapidly that the large volumes of carbon dioxide liberated will cause the 
batch to foam badly and, in the case of a tank furnace, excessive amounts 
of material will be carried into the checkers of the regenerators and into 
the flues. Too fine sand may also be responsible for the formation of a 
fine persistent seed in the glass. According to McSwiney, this is not due 
primarily to the initial small size of the bubbles formed from the small 
sand grains, but to the fact that as the fine sand grains dissolve very 
rapidly, the increase in viscosity of the fluid medium takes place very 
rapidly. Because of this rapid increase in viscosity, the small bubbles 
subsequently formed do not have the freedom of movement or coales- 
cence which they would otherwise have and cannot as readily escape from 
the glass. It might at first hand seem desirable that the sand should 
contain just enough fine sand to satisfy the first reaction between the soda 
ash and limestone. In practice, however, the use of cullet obviates this 
necessity as it contains enough silica to allow the formation of 
normal silicates. 

Coarseness of Sand and Formation of Batch Scum 

The coarser the sand used the greater is the tendency for the formation 
of batch scum. McSwiney, however, believes that it is possible to make 
good glass commercially from sand which is very much coarser than that 
ordinarily used, provided the operation is kept free from other factors 
which might cause scum formation. A sand containing only a few per 
cent, of coarse grains is more likely to cause scum, stones, and cords than 
a sand in which all the grains are uniformly coarse. If the sand grains are 
uniform in size, the attack on them will be approximately uniform and 
consequently they will decrease in size at a uniform rate. On the other 
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hand, if the sand is composed of a few per cent, of large grains 
and the remainder relatively small grains, the solution of the 
small grains will be completed before the large grains have decreased 
but very little in size. The solution of the large grains will then 
be taking place at a point where the solution speed is slowest because the 
solution will be near its saturation point in silica. The viscosity will be 
near the maximum so that diffusion and bubble movement will be very 
slow. If then the larger grains are not allowed for solution an amount of 
time much greater than the melt is usually given, they will remain undis- 
solved as small stones or will agglomerate into a mass of scum, or, even if 
dissolved, the resultant high silica glass will remain incompletely mixed 
as small cords. 

The finer portions of a glass sand are apt to contain a large part of the 
undesirable iron-bearing minerals of the sand, such as magnetite and 
ilmenite. Also, if the sand grains are coated with small amounts of 
limonite or hematite, the finer sand on account of its greater surface area 
in proportion to its weight will contain the higher percentage of iron. 
Several investigators^- have shown that the iron content of some glass 
sands can be materially reduced by carefully screening out the 
finer material. 

The committee on standards of the glass section of the American 
Ceramic Society has proposed tentative specifications-^ in regard to grain 
size for glass sands. The sand shall be prepared so that the size of grains 
shall be rather uniform and be within the limits set in the following table: 


Limitmg Percentages of Various Sizes of Sand Grains 


Through a No. 20 screen . . 100 per cent. 

Through a No. 20 and remaining on a No. 40 screen. . . Not more than 00 j)er cent. 

nor less than 40. 

Through a No. 40 and remaining on a No. 60 screen. . . . Not more than 40 per cent. 

nor less than 30. 

Through a No. 60 and remaining on a No. 100 screen . Not more than 20 per cent. 

nor less than 10. 

Through a No. 100 screen Not more than 5 per cent. 

Screen tests shall be made with sand dried at 110° C., using United States Bureau of 
Standards standard screen sizes. 


The following screen tests on four typical washed and dried American 
glass sands were made by the writer in 1915, using a set of Tyler standard 
screen scale sieves: 


^2 Henry B. Kiimmel and R. B. Gage: The Glass-sand Industry of New Jersey. 
Geol. Surv. of New Jersey, Annual Report (1906) 92. C. J. Peddle: British Glass- 
making Sands. JnL Soc. Glass Technology (1917) 1 , 27. 

23 Bull. American Ceramic Soc. (1923) 2, 184. 
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Results of Screen Tests in Four Typical Washed and Dried American Glass 

Sands 




From the 
i Oriflkany 
sandstone 
' at Maple- 
ton Depot, 
Huntingdon 
' Co . Pa 

From the 
Onskany 
sandstone 
at Vine- 
yard, 
Mifflin 
Co., Pa. 

From the 
Pottsville 
sandstone 
at Kenner- 
dell, 

Venango 
Co . Pa 

From the 
St Peter 
sandstone 
at Ottawa, 
La Salle 
Co , 111. 

I’hroiigh lO-nicsh and caught on 

U 



.42 


Through 14-niesh and caught on 

20 

.07 

05 

78 

04 

Through 20-rnc8h and caught on 

2S 

1 r,9 

1 23 

2 18 

2.16 

Through 28-nic8h and caught on 

3") 

13 11 

4 88 

7 28 

19.81 

Tlirough 3.'j-rncsh and caught on 

48 

01 71 

, 34 80 

1 .30 75 

38 04 

Through 48-iiieah and caught on 

or, 

20 27, 

41 03 

37 06 

14.19 

Through Cri-nicsh and caught on 

100 

2 79 

15 04 

19 93 

10 15 

Through lOO-rneali and caught on 1 ."() 

10 

2 09 

’ 85 

0 . 66 

'I'hrough 150-rncsh and caught on 200 

03 

49 

10 

3.68 

Througli 200-nicsh an<] f-aught on pan 

01 

10 

03 

4 76 




99 77 

99 38 

99 49 


The amount of variation in size of sand grains is sometimes expressed 
in terms of a uniformity coefficient. This is the ratio of the size of grain 
which has 00 per cent, of the sample by weight finer than itself to the size 
which has 10 per cent, finer than itself. It can be obtained by plotting a 
curve on co-ordinate paper using the total percentages passing through 
the various screens as ordinates and the size of the openings in the screens 
as abscissas. A uniformity coefficient of 1 would mean that at least 50 
per cent, of the sand was uniform in size, with not more than 10 per cent, 
smaller and 40 per cent, larger than this size. The term effective size is 
defined as a size such that 10 per cent, of the material by weight is com- 
posed of smaller grains and 90 per cent, of larger grains than this size. It 
is expressed in terms of millimeters. The effective size together with the 
uniformity coefficient define rather closely the size and uniformity of a sand. 

In the case of the four screen tests given above, the one from Mapleton 
Depot has a uniformity coefficient of 1.40 and an effective size of 0.248 
millimeters; the one from Vineyard, a uniformity coefficient of 1.59 and 
an effective size of 0.184 millimeters; the one from Kennerdell, a uniformity 
coefficient of 1.04 and an effective size of 0.180 millimeters; and the one 
from Ottawa, a uniformity coefficient of 3.10 and an effective size of 0.114 
millimeters. The last one contains an excessive quantity of fine grains. 
If these had been removed, the uniformity coefficient would have been 

more nearly like that of the others. 

In the preparation of glass sands, the coarser grains and the fine 
material can be readily removed by proper washing and screening. To 
re-arrange the percentages of the various grain sizes that constitute the 
bulk of the sand in a particular deposit so as to conform to a rigid set of 
specifications, however, is not an easy matter. While it can be done, it 
is not commercially feasible. 
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Shape of Grains 

The grains of water-laid glass sands, such as those of the Oriskany 
formation in Pennsylvania and West Virginia, shown in Fig. 1, the 
Pottsville in Ohio, Pennsylvania and West Virginia, and the unconsoli- 
dated sands of New Jersey, shown in Fig. 2, are irregular and usually 
angular in shape, while the grains of the St. Peter sandstone in Illinois and 
Missouri, shown in Fig. 3, and the Sylvania sandstone in Michigan, 
shown in Fig. 4, which were blown about by the wind for a long time 
before being deposited in their present positions, are more or less rounded 
in shape. All of the above sands have proved satisfactory in the manu- 
facture of every type of glass for which they have been employed when- 
ever they have been able to meet the necessary chemical requirements. 



Fig. 1. — Glass sand with angular grains, produced from the Oriskany sand- 
stone AT Mapleton Depot, Pa. 

The fact that angular grains present a greater surface over which 
reaction can take place for a given weight of sand than rounded ones, and 
hence should go into solution more rapidly, has not been found to make 
any appreciable difference in actual practice. This factor probably 
enters in only at the start for as soon as reaction sets in the angular grains 
are soon rounded off. There is no longer very much prejudice on the part 
of glass manufacturers in favor of angular over rounded grains, provided 
the sand meets the necessary requirements in regard to chemical compo- 
sition and grain size. 
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Fig. 3.— Glass sand with bounded grains, produced from St. Peter sandstone 

AT Ottawa, III. 
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Specifications 

A few large glass companies own and operate their own sand plants. 
The bulk of the annual output of glass sand in the United States, however, 
is produced by companies engaged primarily in the sand business. In 
some cases, glass sand is their major product, although in most instances 
other types of sand are also produced from those portions of the sand that 
are not suited for glass making. 

Very little glass sand is sold or purchased under rigid written specifica- 
tions^^ at the present time. One large sand company operating in the 



Fig. 4. — Glass sand, with rounded grains, produced erom the S’^lvania sand- 
stone AT Rockwood, Mich. 

Illinois district sells its sand under a guarantee that all its grains pass a 
28-mesh and at least 98 per cent, remain on a standard 70-mesh testing 
screen, and that the ferric oxide content is under 0.025 per cent. Usually 
the glass manufacturer determines the type of sand which he thinks will 
meet his requirements and then buys from a producer who can supply 
him with that quality of sand in uniform and sufficient quantities to meet 
his needs at the lowest price, taking freight rates into consideration. 

In recent years the demands of the manufacturers have become more 
stringent, particularly with reference to iron content. Optical glass 
manufacturers, necessarily requiring the highest quality of sand, insist 

Additional data for comparison may be found in a paper entitled ‘'The Require- 
ments of Sand and Limestone for Glass-making," by Ernest F. Burchard, U. S. Geol. 
Surv. Bull. 285 (1906) 452, and in the other Survey papers cited later. 
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on keeping the ferric oxide content down to 0.015 or 0.016 per cent. Each 
car received is sampled and analyzed for silica and ferric oxide. Manu- 
facturers of good colorless bottles and glass containers usually insist 
on ferric oxide under 0.04 per cent, and in some instances under 0.03. 
Plate glass manufactunu-s sometimes use sands containing as high as 
0.15 per cent, ferric oxide and 0.5 per cent, alumina, but prefer consider- 
ably lower limits. Some window glass concerns now demand that the 
f(‘rric oxide content be kept under 0.08 per cent. 

Uniformity in composition from shipment to shipment is of extreme 
importance and is usually insisted upon. Some glass sand producers 
make more than one grade of sand, the distinction being based largely 
on the ferric oxide content. These are sold to suit the requirements of 
their various customers. Most glass sand, including that employed for 
optical glass, is used at the glass plant as received from the producer. 
All glass sand must, therefore, be screened, washed, and dried before 
shipment, except where the natural conditions of the quarries allow the 
production by screening only of fourth, fifth, sixth, or seventh quality 
sand. Closed cars must be used for shipping first, second, or third qual- 
ity sand and these must be thoroughly cleaned before loading and lined 
with paper. 

Minincj and Preparation^^ 

West \4rginia, Illinois, Pennsylvania, New Jersey and Missouri (in 
the order of 1023 output) produce most of the sand used for the manu- 
facture of glass in this country. In 1923 their output comprised 83 per 
cent, of the total production. In Pennsylvania and West Virginia the 
bulk of the glass sand produced is derived from the Oriskany sandstone. 
A little is prepared from Pottsville sandstones. In Illinois and Missouri 
practically all of the glass sand is derived from the St. Peter sandstone. 
In New Jersey the glass sands occur as horizontal beds of unconsolidated 
sand, and are sometimes 90 ft. thick and capped by from 1 to 15 ft. of 
gravel, sand and loam.-^ The Oriskany and St. Peter sandstones are 
the two major sources of glass sand in the United States. 

For further data on ^t'ologic relations and distribution of many American glass 
sands sec the following papers : 

“Glass Sands of the Middle Mississippi Basin,'’ by Ernest F. Burchard, U. S. 
Gcol. Surv. Bull 285 (1906) 459. 

“The Glass Sand Industry in Eastern West Virginia,” by George W. Stose, 
U. S. Geol. Surv. Bull 285 (1906), pp. 473-475. 

“Glass Sand Industry of Indiana, Kentucky, and Ohio,” by Ernest F. Burchard, 
U. S. Geol. Surv. Bull 31*5, pp. 36K376. 

‘‘Notes on Various Glass Sands, Mainly ITndeveloped,” by Ernest F. Burchard, 
IT. S. Geol. Surv. Bull 315, pp. 377-382. 

A. T. Coons I Sand and Gravel in 1923. Mineral K-csourccs of XT. S., Part II 

(1923) 152. ^ ^ 

27 Henry B. Kiimmcl and R. B. Gage: The Glass Sand Industry of New Jersey. 

Geol. Surv. of New Jersey, Annual Report (1906) 80. 
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Pennsylvania and West Virginia Practice 

Most of the Oriskany sandstone outcrop in Pennsylvania and West 
Virginia is valueless for glass sand either on account of its too high iron 
content or because it is still a hard, white to bluish-gray quartzite. Thus 
far, portions suitable for high-grade glass sand have been found and 
developed only in two main areas, one in the Juniata Valley region of 



Fig. 5 . — Chaser mill and screens. 



Fig. 6. — Battery of three screw washers. 


central Pennsylvania, confined mainly to Huntingdon and Mifflin coun- 
ties, and the other in northeastern West Virginia in Morgan County. 
In these two areas a very pure quartz sand was laid down during lower 
Devonian time which became consolidated into a hard quartzite. During 
the Appalachian uplift the beds were folded and by subsequent erosion 
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their bevelled edges have been exposed to weathering which in the areas 
mentioned has resulted in the partial and in places complete disintegra- 
tion of the Oriskany into a friable sandstone, and in exceptional cases 
even into loose sand without the infiltration of any iron-bearing solutions. 
In these two areas the Oriskany sandstone yields some of the highest 
grade glass sand produced in the United States or any other country. 

In Pennsylvania at present, the glass sand industry is most extensively 
developed in the vicinity of Mapleton Depot in Huntingdon County. 
The Oriskany sandstone outcrop here forms Rocky Ridge, a low ridge on 
the western flanks of Jacks Mountain. It varies in thickness from 130 to 
170 ft. and dips from 60 to 65 degrees toward the westward. Mining 
is done entirely in open quarries, which are located along the ridge for a 
distance of about two miles to the north of the gap cut by the Juniata 
River through the ridge at Mapleton Depot and miles to the south. 
The rock, while comparatively friable, has to be passed through jaw 
crushers and chaser mills to disintegrate it into loose sand. In the 
vicinity of Vineyard in Mifflin County some of the rock is so friable that 
after being loosened with light shots, a large percentage of sand can be 
recovered by hydraulic mining. A stream of water under pressure is 
directed against the sandstone face, breaking it up into loose sand which 
is washed into flumes and conducted to the sand plant. In the vicinity 
of MeVeytown and Granville in the same county, extensive underground 
operations were formerly carried on. Here the sandstone is practically 
completely disintegrated into a loose exceptionally pure quartz sand 
which requires only washing, drying, and screening. A little is still 
mined at Granville. Only about 50 per cent, of the sand in the deposit 
is recovered by the method used. 

In West Virginia, the most important center of glass sand production 
is near Berkeley Springs in Morgan County, where the Oriskany sandstone 
outcrop forms Warm Spring Ridge. The sandstone here ranges in thick- 
ness from 185 to 210 ft. and dips about 48 degrees toward the eastward. 
Mining is confined to open quarries, which are located along the ridge 
from a point about three-fourths of a mile south of the Potomac River for 
a distance of nearly three miles to Berkeley Springs. One quarry is also 
located near Great Cacapon on the west side of Cacapon Mountain. 
Warm Spring Ridge is on the east side. 

Quarry and Plant Operations 

Quarrying operations in the Mapleton Depot and Berkeley Springs 
districts are carried on along the strike of the formation. A face, varying 
in width from 100 to 150 ft. at the base, is developed with walls on the 
footwall side of the quarry rising anywhere from 180 to 230 ft. in height. 
The slope of this wall is determined largely by the dip of the formation. 
The hanging wall side is always much lower. Sufficient sandstone is 
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usually left on the footwall to prevent the underlying calcareous shales 
from being washed into the quarry. Very little soil covers the sandstone. 
This is removed by stripping as the quarry face is advanced. The rock 
is broken down by blasting into suitable sizes for loading into small 
narrow-gage railway cars which are hauled by horses, mules or small 
locomotives to the crushing plant. Formerly, loading was done entirely 
by hand but now steam shovels mounted on caterpillar trucks are used 
in many of the quarries. These can handle much larger blocks but do 
not permit as careful sorting as is possible with hand loading. 

At the plant the sandstone is crushed, washed, dried, and screened. 
The rock as it comes from the quarry is first passed over a grizzly consist- 
ing of a series of parallel steel bars placed about two inches apart on an 
incline. The oversize passes through a 12 by 20-in. Blake type jaw 
crusher which reduces it down to about a 3-in. diameter. Such a 
crusher handles from 14 to 25 tons of material per hour, depending upon 
the nature of the rock crushed. Where steam shovels have been intro- 
duced for loading, it has been found necessary to install larger jaw 
crushers, up to 40 by 42 in., to break down the big boulders to a size 
that can be handled by the smaller crushers. 

The material from the jaw crushers and that which passed through 
the grizzly next goes directly to a chaser mill or grinding pan like that 
shown in Fig. 5. These mills consist of circular steel pans, varying 
in diameter from 6 to 9 ft., in which revolve two heavy steel rolls or 
mullers mounted on a horizontal axis. The pan itself is stationary. 
Water is fed into the pan and, as the material is crushed, it passes out 
through screens at the sides, two opposite ends of the pan being perfo- 
rated for this purpose. The capacity of the mill varies with the diameter 
of the pan and the hardness of the material treated. A 9-ft. pan will 
handle anywhere from 100 to 250 tons per day of 10 hours, depending 
upon the readiness with which the sandstone crumbles under the mullers. 
For a 9-ft. mill, the rolls usually have a l2-in. face and weigh from 
5000 to 6000 pounds each. The mullers revolve about a central vertical 
shaft at about 30 to 35 revolutions per minute. 

Screening 

From the chaser mill the sand goes to a revolving screen. Usually 
two of these are placed at opposite sides of the pan, as shown in Fig. 
5. They have a diameter of from 7 to 8 ft. and a 24 to 36-in. face. 
They revolve about a central spindle at about 15 revolutions per minute. 
The screens are made of brass wire with usually 10 to 12 meshes per 
linear inch. The undersize material passes through the screens to the 
washers, while the oversize is returned to the chaser mill. Occasionally, 
when there is apt to be considerable coarse material present, the sand 
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is run through two of these revolving screens, the first one having only 
about 6 meshes per linear inch while the second has 12. This is done 
so as to protect the finer screen with the smaller diameter wire from too 
rapid wear by abrasion from coarse particles of rock. 

From the revolving screens the undersize material goes to the sand 
washers. These consist of inclined wooden boxes or troughs, 10 to 12 
ft. Jong and 18 to 22 in. wide on the inside. In these troughs are cast 
iron rotating screw conveyors which carry the sand from the bottom 
to the top. Fig. 6 shows their appearance. The washers are set up 
in batteries of two, three, four, five, and sometimes six — ^four being the 
usual number. They may be set up either parallel to one another, as 
shown in Fig. 6, or in tandem. The troughs are inclined at angles 
varying from 18 to 20 degrees from the horizontal. The sand enters 
each washer at the foot while clear water runs in at the head. The 
revolving screws carry the sand up the trough against the stream of water 
which carries away with it the clayey material and the excessively fine 
grains of sand. The dirty water overflows at the lower ends of the 
troughs into waste chutes. Where the washers are arranged in parallel, 
when the sand reaches the head of one washer it is dumped into a trough 
and is carried to the foot of the next by a stream of water. It passes on 
up this washer in a similar manner and thus on through the other washers 
of the battery. Where they are set up in tandem, they are so arranged 
that one discharges into the lower end of the next and so on through 
the series, 

A plant with a 9-ft. grinding pan requires at least 150 gallons of 
water per minute. In some plants 400 to 600 gallons are used. An 
adequate water supply, therefore, is an absolute necessity for a washing 
plant of this type. 

The sand from the washers is discharged onto a belt conveyor inclined 
at the end near the washers and horizontal at the end over the draining 
floor. It is installed near the roof of the draining shed so that the sand 
dropping from it builds up large cones reaching from the floor to the belt. 
The shed ordinarily has sufficient length so that by discharging at several 
points along the belt a number of cones of sand may be built up. A 
system of open joint tile drains under the floor permits the water to 
escape. The sand is usually allowed to drain at least 12 hours. 

Drying 

Steam dryers are now employed at most plants, although a few 
direct heat dryers of the revolving cylinder type are still in use. Steam 
dryers are built in units, usually about 20 ft. long, 8 ft. wide, and 6 
ft. high with hopper-shaped bottoms. The walls of the dryers are 
constructed of ordinary red brick. Inside are horizontal steam pipes 

VOL. LXXIII.-27 
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resting on inverted angle irons. These pipes are arranged in tiers, one 
above the other, and are placed closer and closer together toward the 
bottom. The sand is discharged onto the pipes, gradually drops down 
between them, and is finally discharged onto a belt conveyor at the 
bottom of the dryer. The steam and damp air from the sand accumu- 
late under the angle irons on which the pipes rest and are drawn ofif by 
means of an exhaust fan. The sand is conveyed to the dryers from the 
drainage piles either by a belt conveyor which discharges over the 
dryers, or by an overhead travelling crane from which a grab-bucket 
is suspended. In the first type of installation the sand from the piles 
is usually shoveled by hand into a bucket elevator which discharges onto 
the belt conveyor. A steam dryer of the above type handles about 15 
tons of sand per hour. 

The sand from the dryers is next screened. Revolving screens or 
trommels are used. The size of screen openings varies in different 
plants, sizes from 14, 16, 18, 20, to 22 meshes per linear inch being 
employed. Eighteen meshes per linear inch is perhaps the most common 
size. In some plants the sand is passed over two screens, 14 and 18 or 20 
and 22 being the combinations used. After the sand has been screened, 
it is elevated to the storage bins for shipment. 

Electric power is now used at practically all plants. A fully equipped 
plant capable of producing 300 tons of sand per day and supplied 
with two units of machinery, including two 9-ft. chaser mills and one 
steam dryer, can be erected at the present time, in a location where the 
conditions are not unusual, for about $80,000.^^ If an overhead crane 
for conveying the sand from the drainage piles to the dryer is included the 
cost is about $15,000 more. The above estimate includes a substantially- 
built frame building, foundations for building and machinery, and the 
necessary electrical installations to operate the machinery. It does not, 
however, include outside power lines, railroad sidings, and quarry equip- 
ment. If only one dryer is installed, this has to be run day and night to 
give a 300-ton capacity. 


Grades op Glass Sands 

Three grades of sand are usually made in the Juniata Valley and 
Berkeley Springs districts. The sandstone is roughly sorted into differ- 
ent grades in the quarry on the basis of the amount of iron stain or limon- 
ite which it shows. Only the purest portions of the rock are used for 
what is called No. 1 sand. The bulk of this grade satisfies the specifica- 
tions of the American Ceramic Society for first quality sand, with the 
exception that perhaps in most instances the alumina content is slightly 
higher, this usually ranging from 0.12 to 0.25 per cent. The iron content 


** Private oommunication from a manufacturer of this type of equipment. 
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is frequently somewhat lower than the maximum allowed. The No. 2 
sand contains a little more iron, but its ferric oxide content usually is 
also low, under 0.05 per cent. The alumina content is approximately 
the same as that of the No. 1. Very little of the No. 3 sand is sold for 
glass-making purposes. All of the No. 1 and that part of the No. 2 
which is sold as glass sand is dried. The No. 3 is shipped wet. 

At Mapleton Depot about 40 per cent, of the output is No. 1 sand; 
48 per cent.. No. 2, and 12 per cent., No. 3. In the vicinity of Vineyard, 
only about 22 per cent, of the output constitutes No. 1 sand, while 38 and 
40 per cent, fall into the No. 2 and 3 classes respectively. At Granville, 
practically the entire product is of the No. 1 grade. In the Berkeley 
Springs district about 64 per cent, of the sand qualifies as No. 1, 30 per 
cent, as No. 2, and only 6 per cent, has to be sold as No. 3 grade. 

At most places where glass sands are produced from Pottsville sand- 
stone in Western Pennsylvania, the method of preparation is essen- 
tially the same as that described for the Oriskany sandstone. Sands equal 
in quality to the No. 1 grade from the Juniata Valley and Berkeley 
Springs districts, however, cannot be produced from Pottsville sandstone. 

In the past, some of the cheaper grades of glass sand produced from 
the Pottsville were not washed. The sandstone was simply crushed to 
sand and screened. Very little glass sand of this character finds a market 
any longer. When this method of preparation is used, a dry grinding pan 
is employed. In a pan of this type, the mullers or rolls do not revolve 
about a central shaft although they turn about the horizontal axis on 
which they are mounted. The pan itself is rotated. The rolls tread on 
false plates, which may be removed when they are worn, while the outer 
portion of the bottom of the pan consists of screen plates through which 
the crushed material passes. 

After the material has gone through the grinding pan it is conveyed 
to a revolving or shaking screen from which the undersize is conveyed to 
storage bins, stock piles, or directly to the cars, while the oversize goes 
back to the pan. 

Illinois 

Practically all of the glass sand produced in Illinois is derived from the 
St. Peter sandstone, which crops out at a number of localities in the 
northern part of the state. Glass sand is obtained from it in Kendall, 
LaSalle and Ogle counties, with the largest production in the vicinity of 
Ottawa in La Salle County. The St. Peter sandstone ranges in thickness 
from 120 to 200 ft. in this district and lies almost horizontal. In many 
places it is a practically pure white quartz sandstone, the proportion of 
silica being very high, at some places exceeding 99 per cent., so that 
it is capable of yielding an excellent quality of glass sand comparable 
with that derived from the Oriskany sandstone in Pennsylvania 
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and West Virginia. It is usually so poorly cemented that the rock 
crumbles readily. The rounded character of its grains has already 
been mentioned. 

At one large plant the following method of mining and preparation 
is used.^^ Light shots of slow-burning dynamite are used to disintegrate 
the rock. The sand is then hydraulicked to a sump from which it is 
pumped in suspension in water by means of a sand pump to the foot 
of a drag conveyor that elevates it out of the quarry to the top of 
the washer. 

The washing plant contains two large concrete bins of oval shape, 
each of which is supplied with numerous jets of clean water that serve 
to agitate the sand. The fine material rises to the surface and is carried 
off in suspension over a skimming dam in the side of the bin, which is 
raised as the bin fills with sand. From the washing bins, the sand is 
again pumped in suspension in water to draining bins. There are 12 
of these concrete bins of 200-ton capacity each, with hopper-shaped 
drainage bottoms and the same skimming arrangement on the sides 
as the washers. Doors are provided in the sides of the draining bins 
from which the sand is delivered to steam dryers. A belt conveyor 
underneath the dryers carries the dry sand to an elevator that raises it to 
the top of the screening and storage building. Inclined vibrating screens 
and vibrating separators are used for classifying the sand into four 
different products, one of which is sold as glass sand. 

All of the glass sand produced at this plant is guaranteed to pass a 
28-mesh and at least 98 per cent, to remain on a standard 70-mesh testing 
screen, as well as to have a ferric oxide content under 0.025 per cent. 
Much of it averages about 0,020 per cent, and some of it has run as low as 
0.014 per cent. The untreated sand contains about 0.043 per cent. 

Missouri 

The St. Peter sandstone is also the source of the glass sand produced 
in Missouri at the present time. Most of the production is confined to 
Franklin, Jefferson, St. Charles, and St. Louis counties in a district lying 
to the west and south of the city of St. Louis. In this area the sandstone 
has a thickness ranging from 60 to 100 ft., but the entire thickness is 
rarely available for glass sand. As a rule, only portions of it can be 
utilized. The dip of the formation ranges from about to 20 degrees 
to the northeast. 

Mining of the St. Peter sandstone in Missouri is done both by open 
pit and by underground methods.’® In the quarries there is usually 
an overburden consisting either of loess or of limestone or often of both, 

*• Private communication. 

C. L. Dake: The Sand and Gravel Eesources of Missouri. Missouri Bur. Geol. 
and Mines (1918) 15, 2nd series, 39. 
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which varies from a few inches to 30 ft. or more in thickness. When 
the covering is of limestone, shooting is invariably part of the stripping 
operation. In most of the quarries the sandstone is sufficiently cemented 
to make blasting necessary. The sand is shot down into great piles 
either of broken blocks or of loose sand, depending on the degree of 
cementation. This is loaded into quarry cars either by hand or by the 
use of steam shovels. Mules, cable, gravity, or electric-motor haulage 
are used. At a few places, where the overburden is particularly heavy, 
underground mining methods are resorted to. Usually about 25 per cent, 
of the sandstone has to be left in the form of pillars. 

Crushing is generally required. At a few places the rock is so friable 
that the simple washing through a coarse revolving screen is sufficient to 
cause it to crumble to loose sand. In most places, however, regular 
crushers are employed. Gyratory crushers and hammer mills are the 
most popular types. 

In 1918, only two plants operating in the state washed their glass 
sand. The washing process consists in passing a mixture of sand and 
water over riffles, or through successive settling tanks where the coarse 
material settles and the finely divided limonite and clay, together with 
much undesirable fine quartz, are floated off with the water. The wash- 
ing usually gives an appreciable reduction in alumina and ferric oxide. 
One company reduces its quarry-run sand from 0.210 per cent, alumina to 
0.049, and the ferric oxide content from 0.075 to 0.031. At plants where the 
sand is washed it is usually screened twice, once through a coarse screen 
after crushing, the oversize being returned to the crusher, and again after 
it has been washed and dried when it is usually passed through a 20-mesh 
screen. Both the direct heat rotary and steam types of dryers are used. 

New Jersey 

The New Jersey glass sand deposits occur as practically horizontal 
beds of unconsolidated sand sometimes reaching thicknesses up to 90 
ft., which are capped by layers of gravel, sand, and loam, varying in 
thickness from 1 to 15 ft. While the New Jersey glass sands are not 
of as high quality as the best grades that are produced from the Oriskany 
and St. Peter sandstones, they are of sufficient purity to be used in the 
manufacture of high grade bottles, pressed ware, and window glass. 

Mining is usually done with steam shovels if the deposit is above water 
level and will not hold water for a dredging pond.^^ If a pond can be 
made, the mining is done by hydraulic dredging with centrifugal pumps 
placed on a floating dredge and discharging to the washing and screening 
plant through long pipe lines. 

W. M. Weigel: Sandblast Sand. U. S. Bur. Mines, Revorts of Investigations, 
Ser. No. 2615 (1924) June. 
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Some type of washing is carried on in all cases. Where the sand is 
particularly clean only screen washing may be resorted to. At some 
plants screw washers of the type already described are used. Both 
stationary steam dryers and direct heat rotary dryers are employed for 
drying the sand. The coarser material is usually taken out by revolving 
screens while the fine material is separated on shaking or vibrating screens. 

Prices and Production 

In 1923, only 1.4 per cent, of the total sand and gravel produced in 
the United States was sold for glass-making purposes but, on account of 
the higher price that glass sand commands as compared with other types, 
its value represented 4.1 per cent, of that of the total output.** West 
Virginia, during that year, produced 25 per cent, of the total output; 
Illinois, 24; Pennsylvania, 17; New Jersey, 9; and Missouri, 7 per cent. 
The average price per ton received for the total output of the United 
States during that year was $1.84; for West Virginia, $2.30; for Illinois, 
$1.57; for Pennsylvania, $2.06; for New Jersey, $1.64; and for Missouri, 
$1.40. 

The glass industry of the United States is well located with respect to 
the above sources of sand. Sixty-two per cent, of the total value of the 
glass produced in 1919** came from factories located in the above five 
states and the major portion of the remainder came from adjacent states. 
The reserves of high grade glass sand in the Eastern United States and 
the Mississippi Valley region are large. On the Pacific Coast, however, 
no deposits capable of yielding a good quality of glass sand have thus 
far been discovered. Some of the California glass plants import Belgian 
sand. During 1924 this amounted to 5775 long tons. The sand is 
brought into the California ports as ship ballast and hence is sold at a 
very low price. 


DISCUSSION 

P. A. Wilder, North Holston, Va. — Is it altogether out of the 
question to use quartzite? I ask because in Southwest Virginia we have 
quartzites that analyze 99 per cent, silica, with satisfactory iron content, 
and they are being used in a small way now, I understand, for glass sand 
purposes. Power is relatively cheap and the material lies high above the 
drainage line, so that we are not troubled with water in the operations. 
For glass purposes in the South the freight haul is a factor, when 
you consider taking material from Illinois and West Virginia. 


•* A T. Coons: Sand and Gravel in 1923. Mineral Resources of U. A, Part II 
(1923) 162. 

•• Fourteenth Census of U S., 1920 (1923) S, 388. 
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C. R. Fettke. — There are two reasons why quartzite is not desirable: 
First, the additional expense of crushing such material to the necessary 
size; and second, the rather excessive amount of fine material produced in 
order to reduce the bulk of the product to the required size. 

There have been several attempts made to use quartzites. I know of 
one instance in West Virginia, and one in Pennsylvania. Both were fail- 
ures. They had difficulty in making the right-sized material at a cost to 
compete with sands derived from more friable sandstones. In California 
I understand they have tried unsuccessfully to use massive quartz which 
occurs comparatively pure in the form of large veins in some localities. 
Of course, they can import foreign sand at a comparatively low figure on 
the Pacific Coast. This is mostly Belgian sand, and is brought in 
as ballast. 
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Washing and Sizing Sand and Gravel 

By Edmund Shaw,* Chicago, III. 

(New York Meeting, February, 1926) 

In the year just past there were produced in the United States 
about 170,000,000 tons of sand and gravel. Much of this was pit-run 
material used for gravelling roads and as railroad ballast on lines that 
did not carry heavy traffic. But more than half of it was marketed as 
washed and sized, or graded, material. 

The methods used for preparing sand and gravel for the market have 
long been used in ore dressing and, as in ore dressing, depend on differ- 
ences in the specific gravity of two substances or in the size or weight of 
particles. But many changes in the design and operation of plants and 
machines have been necessary. In ore dressing, the concentrate is only 
a small part of the feed; in sand and gravel washing, it is much the larger 
part of the feed. In addition, such close work as is needed when con- 
centrating a metallic ore is not needed when washing gravel; the ability 
to put through a large tonnage is more important, and sizing, which 
is only a preliminary process in ore dressing, is an end to be attained. 

Rock crushers are found in most sand and gravel plants and they are 
used to break up the larger pieces from the deposit (known as boulders 
and cobbles) which are removed by a scalping screen. The crusher 
discharge is usually sent back to the scalping screen, the perforations in 
this screen setting the maximum size of the finished product. 


Washing 

Washing is to prepare sand and gravel so that they may be used as 
aggregates in concrete and wall plaster and in various processes in which 
impurities would harm the product. At one end of the scale of washed 
materials may stand ordinary concrete sand, which in some states may 
contain as much as 3 per cent, of clay and still be used in highway concrete 
construction. At the other end will stand the silica sand used for 
making plate glass, which must be washed so clean that the impurities 
that can be removed by washing do not exceed a few hundredths of a 
per cent. The methods and machinery that would produce one of these 


* Editor, Rock ProdtuUs. 
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would not produce the other. However, the theoretical principles of 
washing are the same for both materials. 

Washing and sizing are generally carried on at the same time and in 
the same equipment, but the two are distinct processes. It is possible 
to wash first and to size afterward, as is customary for the production of 
blast sands, filter sands, and the hke. And it is important to understand 
that the two processes are separate, for mistakes in design and in plant 
operation have come from confusing the two. In general, whatever 
improves the washing improves the sizing. Thus, the use of a large 
amount of water improves the washing and it also carries the material 
through the screens at a faster rate. At some plants where the material 
dug from the bank is clean enough to pass specifications, water has been 
used because of the greater output of screened materials that could 
be secured. 

The word sizing has been used in preference to screening because 
only a portion of the product is sized by screens. The greater part of 
the separation of sand into sizes is by means of hydraulic classification. 
This is employed both as a washing and a sizing method. 

Impurities To Be Washed Out 

The materials that must be washed from sand are divided into the 
soluble and insoluble substances, and the organic and inorganic sub- 
stances. The solubles to be removed are mainly tannic and other organic 
acids that greatly affect the strength of concrete when present in even 
minute amounts. Sand and gravel containing these are not found in 
all parts of the country; but in some sections, as in some of the south- 
eastern states, they present a serious problem to the producer. Fortu- 
nately they can be readily removed by washing, provided a supply 
of clean water is obtainable. The only soluble mineral substances that 
must be removed are the sulfates, found especially in the arid parts of 
the country. It is sometimes difficult to remove these because the 
water supply in such districts is apt to be limited or to be contaminated 
with sulfates, the so-called ‘‘ alkali waters. 

The insoluble substances to be removed are, first of all, clay, which 
is present in almost every deposit. It occurs: first, as soft clay, which 
has been carried into the deposit by rains or has come from the decompo- 
sition of some of the minerals in the deposit; second, as film clay, coming 
from the decomposition of the minerals and existing as a film on the out- 
side of the grains and pebbles; and third, as a very hard clay, which forms 
clay balls almost as hard as the softer pebbles. Soft clay is easy to wash 
out, film clay may be scoured off by scrubbers, but clay balls are difficult 
to remove and special machines must be used when they are present. 
Loam which comes from the overburden of the deposit may be removed 
as easily as soft clay and by the same methods. 
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Next often found are the organic impurities, which consist of sticks, 
bark, and leaves and the roots of grasses, shrubs, and trees, all of which 
may be quite easily removed. Lignite and coal form another class of 
the organic impurities and their removal is more difficult; however, 
it is being accomplished on a commercial scale. 

Of the inorganic materials, the most difficult to remove is shale. 
Its removal on a commercial scale is an unsolved problem, but experi- 
ments, carried on for two years by C. S. Huntington for one of the largest 
machinery houses, have shown so much promise that we can say that some 
of the shaly gravels can be sufficiently cleaned for use as concrete aggre- 
gates. The objection to shale is not altogether due to its softness; 
some kinds of shale absorb water and swell while concrete is setting and 
hardening, and hence tend to disrupt the concrete. 

Other deleterious mineral substances are slate, mica, pyrite, and ‘'sand 
rock,^^ which is the name given to soft sandstone. These are all difficult 
to remove and deposits containing much of anyone of them are not 
considered workable on a commercial scale. Mica can sometimes be 
removed by classification sufficiently to permit the sand to be used for 
making concrete. 

The oxidized forms of iron ore do not detract from the value of sand 
except for making glass. Glass sand is often concentrated on tables 
to remove iron minerals. Pyrite is not often found in natural sands but 
it is said to make trouble in artificial sands, such as the tailings from ore- 
dressing plants, which are sometimes used in making concrete. 


Standard Washing Method 

While the same method of washing will not do for the removal of all 
these substances, as they differ so much, there is a standard method of 
washing that will remove soft clay and the organic acids; and it is to 
apply this method that the ordinary sand and gravel plant is designed. 
This method employs a combination of washing by filtration and washing 
by decantation. 

Washing by filtration is applied to the coarser sizes (gravel) and 
usually the material is screened at the same time. The revolving screen, 
or trommel, is generally used; it has held first place in sand and gravel 
preparation more because it is a good washer than because it is a good 
screen. Considerable water is put into the screen with the gravel, or 
mixture of gravel or sand, at the first screen and as this water passes 
through the screen it carries most of the clay and the sand, which are 
separated later. To remove the last of the clay from the gravel, sprays 
are used farther along in the screen. Where a series of screens are used 
to make a series of sizes, each screen has its own spray for rinsing, so that 
very clean material is produced if enough water is used. 
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This method is economical of water, for water is most economically 
applied in washing where it can be run on the material in a succession of 
washes, each displacing the other, which is the ordinary method used in 
the laboratory for washing out a filtrate. But it cannot be applied to 
the finer sizes, the sands. Any filter with small enough meshes to hold 
back the finer grains of sand soon clogs either with sand or with clay 
and the working comes to an end. Hence sand is always washed by 
decantation. 

Those who are familiar with cyanidation and similar hydrometal- 
lurgical processes understand the theory of the removal of a soluble 
substance by repeated decantations. The principles involved in sand 
washing are the same. The clay, which is really in suspension, may be 
considered as a salt in solution and its removal will then be according to 
the same laws. In brief, the percentage of clay removed and the per- 
centage left with the sand are proportional to the water removed and 
left with the sand. Thus, it is possible to calculate the amount of water 
required for washing sand, provided the percentage of clay is known. 

The apparatus by which washing by filtration and decantation are 
applied varies according to the ideas of the plant designed. The most 
popular form of screen, used for both washing and screening, is the conical 
trommel. A number of these are fastened to a common shaft, which is 
set at about 22® from the horizontal so that the material will flow readily 
from one screen to another. The first usually has 23^^-in. holes; the 
second either 13 ^- or l3^-in. holes; the third or J^-in. holes, and the 
last screen in the series, known as the sand screen, has holes that may be 
anything from %2 to ^ in., the larger size being more commonly used. 
Each screen is provided with chutes so that the oversize is sent to a bin 
and the undersize is sent to the screen ahead, except in the case of the 
sand screen, from which the undersize goes to be washed by decantation. 
Each of these screens has its own washing spray, which is usually a 
perforated pipe connected to pressure water. 

One disadvantage of this system is that it requires considerable space 
both vertically and horizontally. For this reason jacketed screens are 
used in plants where it is desirable to save space; the inner jacket or 
main section has 2%-in. holes and the others successively smaller holes 
to the sand- screen size. No more than three jackets are usually combined 
in this way. If another screen is needed to make a finer product than 
that made by the outer jacket of the main screen, it is mounted separately. 

Some of these jacketed screens are especially designed for washing. 
They have tire and trunnion bearings at both ends and are driven by 
a gear that goes around the main section. This leaves everything clear 
inside so that a 4- or 6-in. pipe can be passed through to supply plenty 
of water for the spra 3 rs. Such screens are very long, 24 ft. being a 
common length for a 48-in. screen. 
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Next often found are the organic impurities, which consist of sticks, 
bark, and leaves and the roots of grasses, shrubs, and trees, all of which 
may be quite easily removed. Lignite and coal form another class of 
the organic impurities and their removal is more difficult; however, 
it is being accomplished on a commercial scale. 

Of the inorganic materials, the most difficult to remove is shale. 
Its removal on a commercial scale is an unsolved problem, but experi- 
ments, carried on for two years by C. S. Huntington for one of the largest 
machinery houses, have shown so much promise that we can say that some 
of the shaly gravels can be sufficiently cleaned for use as concrete aggre- 
gates. The objection to shale is not altogether due to its softness; 
some kinds of shale absorb water and swell while concrete is setting and 
hardening, and hence tend to disrupt the concrete. 

Other deleterious mineral substances are slate, mica, pyrite, and “sand 
rock,” which is the name given to soft sandstone. These are all difficult 
to remove and deposits containing much of anyone of them are not 
considered workable on a commercial scale. Mica can sometimes be 
removed by classification sufficiently to permit the sand to be used for 
making concrete. 

The oxidized forms of iron ore do not detract from the value of sand 
except for making glass. Glass sand is often concentrated on tables 
to remove iron minerals. Pyrite is not often found in natural sands but 
it is said to make trouble in artificial sands, such as the tailings from ore- 
dressing plants, which are sometimes used in making concrete. 

Standard Washing Method 

While the same method of washing will not do for the removal of all 
these substances, as they differ so much, there is a standard method of 
washing that will remove soft clay and the organic acids; and it is to 
apply this method that the ordinary sand and gravel plant is designed. 
This method employs a combination of washing by filtration and washing 
by decantation. 

Washing by filtration is applied to the coarser sizes (gravel) and 
usually the material is screened at the same time. The revolving screen, 
or trommel, is generally used; it has held first place in sand and gravel 
preparation more because it is a good washer than because it is a good 
screen. Considerable water is put into the screen with the gravel, or 
mixture of gravel or sand, at the first screen and as this water passes 
through the screen it carries most of the clay and the sand, which are 
separated later. To remove the last of the clay from the gravel, spra3rs 
are used farther along in the screen. Where a series of screens are used 
to make a series of sizes, each screen has its own spray for rinsing, so that 
very clean material is produced if enough water is used. 
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This method is economical of water, for water is most economically 
applied in washing where it can be run on the material in a succession of 
washes, each displacing the other, which is the ordinary method used in 
the laboratory for washing out a filtrate. But it cannot be applied to 
the finer sizes, the sands. Any filter with small enough meshes to hold 
back the finer grains of sand soon clogs either with sand or with clay 
and the working comes to an end. Hence sand is always washed by 
decantation. 

Those who are familiar with cyanidation and similar hydrometal- 
lurgical processes understand the theory of the removal of a soluble 
substance by repeated decantations. The principles involved in sand 
washing are the same. The clay, which is really in suspension, may be 
considered as a salt in solution and its removal will then be according to 
the same laws. In brief, the percentage of clay removed and the per- 
centage left with the sand are proportional to the water removed and 
left with the sand. Thus, it is possible to calculate the amount of water 
required for washing sand, provided the percentage of clay is known. 

The apparatus by which washing by filtration and decantation are 
applied varies according to the ideas of the plant designed. The most 
popular form of screen, used for both washing and screening, is the conical 
trommel. A number of these are fastened to a common shaft, which is 
set at about 22° from the horizontal so that the material will flow readily 
from one screen to another. The first usually has 23^^-in. holes; the 
second either or l3^-in. holes; the third or 3^^-in. holes, and the 
last screen in the series, known as the sand screen, has holes that may be 
anything from %2 to % in., the larger size being more commonly used. 
Each screen is provided with chutes so that the oversize is sent to a bin 
and the undersize is sent to the screen ahead, except in the case of the 
sand screen, from which the undersize goes to be washed by decantation. 
Each of these screens has its own washing spray, which is usually a 
perforated pipe connected to pressure water. 

One disadvantage of this system is that it requires considerable space 
both vertically and horizontally. For this reason jacketed screens are 
used in plants where it is desirable to save space; the inner jacket or 
main section has 2%-in. holes and the others successively smaller holes 
to the sand-screen size. No more than three jackets are usually combined 
in this way. If another screen is needed to make a finer product than 
that made by the outer jacket of the main screen, it is mounted separately. 

Some of these jacketed screens are especially designed for washing. 
They have tire and trunnion bearings at both ends and are driven by 
a gear that goes around the main section. This leaves everything clear 
inside so that a 4- or 6-in. pipe can be passed through to supply plenty 
of water for the sprays. Such screens are very long, 24 ft. being a 
common length for a 48-in. screen. 
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Another type of screen, which was designed to be a good washer, is 
a conical screen set on a horizontal shaft with the small end closed. 
The feed into the screen and the discharge out are both at the large end, 
the feed being carried in through a launder above the center. Jets of 
water under heavy pressure play on the mass of material where it turns 
in the screen and disintegrate lumps of clay and wash the pebbles clean. 

Washing Sand by Decantation 

The settlers, in which sand is caught and washed by decantation, 
are mainly of the continuous-discharge type. Considered as classifiers, 
most of them belong to the surface-current type, the current passing from 
end to end, so that the sand drops out as a roughly graded product, 
the coarser sand being nearest the entrance point. Valves at the bottom 
permit the discharge of the settled sand as a quicksand flow. The mois- 
ture contained in the voids of such a discharge is about 27 per cent, for 
ordinary concrete sands. 

A large number of plants use a device in which the discharge of sand 
is automatically controlled. These work in various ways. In one form, 
the oldest of all, the weight of the settled sand tilts the box when it reaches 
a certain depth and this tilting causes the valve to open. In another, 
the weight of the sand carries the whole settler down, as it is hung on 
a lever and balanced by a counterweight; this causes the valve to open. 
In still another, the settled sand obstructs the inflow of water, when it 
reaches a certain height, and causes it to flow into a chamber in which 
there is a float that opens the valve. These automatic sand settlers, 
in general, give a much cleaner product than settlers with hand-operated 
valves. For one thing, conditions of settling are kept constant; and for 
another, the danger of the attendant forgetting to close a valve in time 
and allowing a lot of clayey water to run into the sand is obviated. 

Water Required for Washing 

The amount of water required for washing will usually be governed 
by the amount that is needed to wash the sand by decantation. This 
can best be illustrated by an example. Suppose that the bank run con- 
tains 15 per cent, clay and that the proportion of sand to gravel in the 
remainder is as 3 is to 2, which is a proportion commonly found. Then 
each ton of bank run will contain: 


Pounds 

Clay, 15 per cent • 300 

Sand, three-fifths of 1700 lb 1020 

Gravel, two-fifths of 1700 lb 680 


2000 

Assuming that the clay must be not over 3 per cent, in the sand 
product, the 1020 lb. of sand will be 97 per cent., which gives the weight 
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of the clay with the sand as 31.5 lb. As the weight of the clay removed 
is as the weight of the water removed, we have the proportion 268.5 
(300 — 31.5):31:5 = x:377,2. This last figure is the water that will 
remain with the sand if the mixture contains 27 per cent, moisture. Solv- 
ing this, we find 3212 lb. of water is required to remove the clay so that 
the sand recovered will not have a clay product greater than 3 per cent. 
To this must be added the water remaining with the sand (377.2 lb.) and 
the water lost in rinsing the gravel, which will be at least 25 per cent, of 
its weight or 170 lb. The total will, therefore, be 3759 lb.; and as at 
least 10 per cent, must be added for safety, 4135 lb. is the minimum that 
can be used. This is a ratio of 2.07 to 1 or 2.4 to 1, figuring the ratio on 
the finished product, as is the usual practice. 

A rough rule used by producers for the minimum water required is 
1 g. p. m. for 1 ton per 10-hr. day of finished product. That is, to wash 
1000 tons per day a plant would need 1000 g. p. m. of water. This is 
a ratio of 2.5 to 1. But the plants that can get along with any such 
theoretical ratio are few. The feed to the plant is apt to be uneven in 
quantity and un-uniform in the proportion of sand to gravel, and enough 
water must be provided to take care of the worst condition. Supposing 
that all the feed was sand with 15 per cent, clay (temporarily), the water 
needed would be 6265 lb. for that time, which is a ratio of 3.7 to 1. Ratios 
of 3 or 4 to 1 are not uncommon. The highest ratio noted by the writer 
is 7 to 1, but this was needed because of the unusual amount of clay 
that had to be removed, nearly 50 per cent, of what was excavated from 
the bank being wasted as clay and fine sand. 

Uniform Feeding 

The foregoing illustrates another point in washing, that is, the neces- 
sity for a uniform feed to the plant if water is to be used economically 
and clean products made. The older sand and gravel operations used 
to pick from the bank according to the market, drawing heavily on the 
sandy portions when sand was in demand and heavily on the gravelly 
portions when gravel was in demand. The later practice is to work the 
bank as a whole and to draw evenly from all parts, storing that part of 
the product which cannot be sold at once. This has resulted not only 
in better products but in better deliveries and an even operation of the 
plant throughout the season. The cost of storage is more than made up 
by the ability to keep that plant runm’ng steadily and to fill large orders 
promptly. 

Special Washing Methods 

What has been said so far refers to the removal of soft clay. Where 
film clay is present, the same plant will serve with the addition of a scrub- 
ber. The commonest form of scrubber is a cylinder 4 to 6 ft. in diameter 
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water. The other is to set the screen at a 45® to 60® angle and to feed 
the pulp against it. Both methods work well. The flat screens are 
much used in dredging operations, where there is an abundance of water 
and where saving height is desirable. 

Gravity screens are sometimes used as a preliminary screen to take 
out a large part of the sand and water before sending the gravel to be 
carefully sized. This relieves the work of the sizing screens and makes 
a better separation possible. In one large plant near New York, all 
the material from the bank is first passed over gravity screens to take 
out the greater part of the sand. A sand screen follows the gravel screens 
but it is not crowded. 

Revolving screens have been favored because they are good washers. 
The objection to them is that they blind easily, the centrifugal force 
present tending to drive the pebbles and grains into the perforations. 
Various devices are used to keep the meshes open, the most used form 
being a roller hung in loose bearings so that it can always rest on the 
screen. The weight of the roller pushes the pebbles out of the holes in 
which they are stuck and sends them to the oversize where they belong. 
Perforated plates with round holes are almost always used as the screening 
medium. 

Shaking screens are not used so much. They are efficient but when 
they are made in the large sizes, which have been tried on big tonnages 
of sand and gravel, they communicate a strong shake to the building. 
They are also hard to keep in repair. The smaller sizes are not hard on 
the building and when they are set to balance so that one shakes out 
while the other shakes in, they are not objectionable and do good work. 

Vibrating screens are coming into use more and more, especially for 
separating the finer sizes. There are several of these on the market and 
all are efficient. Most of them vibrate the whole screen and the frame 
that holds it, and many ingenious methods have been devised for minimiz- 
ing the effect of vibrations. The later models are especially good in 
that respect. 

The screens that vibrate the fabric are a comparatively recent develop- 
ment but their success has been great. They are especially used on the 
finer sizes but they may be employed on the coarser sizes and for either 
wet or dry screening. 


Classification 

Sand is sized either by screening or classification. As a result of the 
improvements of the last five or ten years in fine screens, the tendency 
is to screen rather than to classify. Classification demands a steady 
feed of both solids and water to do good work and this is often hard to 
obtain when running a commercial sand plant. 
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As about every form of classifier that could be devised has been tried 
out in ore dressing, no new forms have come from sand and gravel prac- 
tice. The improvements made have been largely toward increasing the 
tonnage through the machine. 

Of mechanical classifiers, the rake (Dorr) classifier and the chain- 
and-belt drag classifiers are standard and largely used. The sand 
wheel is just beginning to be used and will probably find a larger use in 
time. Dewatering elevators are employed to some extent. 

Of hydraulic classifiers, the surface-current is perhaps the most used. 
The old type of sand box is generally run as a surface-current classifier. 

Rising-current water and hindered-settling classifiers have not been 
much used, but probably as the demand for cleaner sand increases, more 
of these will come into use. 

Future of the Industry 

The production of washed sand and gravel is increasing and probably 
will continue to increase. Methods and machines are improving. The 
cleaner deposits of material are becoming exhausted and producers are 
beginning to work those deposits of material that must be carefully and 
thoroughly washed to make a marketable product. Almost all large 
plants are now in charge of men with engineering education. Some of 
these are graduates of schools of mining engineering, but many of them 
are civil engineers who got into the business through their knowledge of 
the product gained in road building and general contracting work. 
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Preparation and Use of Industrial Special Sands* 

By W. M. WKiGEL,t Washington, D. C. 

(New York Meeting, Febuary 1926) 


Definition of Special Sands 

The general term applies to a multitude of similar materials 

consisting of fine granular mineral. As usually understood, it means the 
ordinary natural product used for structural purposes and made up largely 
of grains of quartz. Quartz sand constitutes by far the greater bulk of 
the production, but there are other grades used for industrial purposes, 
such as molding sand, glass sand and many others, that may be grouped 
under the general name of special sands. 

Under this general group would fall filter sand, sand-blast sand, 
engine sand, potter’s sand, abrasive sands of all kinds, sand for pulveriz- 
ing, roofing sand, flooring sand, fire or furnace sand, standard sand, 
burnishing sand, sand for magnesium oxychloride cement-plasters and 
sand for chemical and metallurgical purposes. 

Sources of Supply 

Sand is a widely distributed natural product and even the better 
grades are low-priced commodities. For these reasons development has 
occurred near points of consumption where sand meeting the require- 
ments is available. Some special grades, however, cannot be prepared 
from any sand bed and shipments are often made over considerable dis- 
tances when the only developed deposit is remote from the consuming 
center. This is true of filter sand, sand-blast sand, sand for pulverizing 
and some of the others when chemical purity or grain size, coupled with 
the need of a properly equipped plant for preparation, are required. 

New Jersey is a large producer of filter, engine, sand-blast, fire, and 
pulverizing sand. Pennsylvania, and West Virginia produce special 
sands for pulverizing, fire sand, abrasive sand, engine sand and sand for 
chemical and metallurgical use. Ohio produces much sand-blast, fire 
and abrasive sand, and some filter sand. Illinois and Minnesota produce 


* Published by permission of Director, U. S. Bureau of Mines, Department 
of Commerce. 

I Mineral technologist, U S. Bureau of Mines. 
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filter sand, sand-blast sand, abrasive sand, fire sand, sand for pulverizing 
and for chemical and metallurgical use. Standard sand is prepared at 
Ottawa, 111. Missouri produces considerable quantities of abrasive sand, 
fire sand, engine sand and some filter sand. Some or all of the special 
sands are produced in many other States but those named are the centers 
of production and, it will be noted, they are near the chief industrial 
districts of the Eastern and Middle States. 

There are undoubtedly deposits of sand in the Southern and Western 
States from which special sands may be prepared whenever the 
demand arises. 


Mining Methods 

Most sand deposits are unconsolidated and methods of mining or 
excavating special sands do not differ from those used for structural 
sands. If the deposit is under water or can be flooded, excavation by 
suction dredge seems to be efficient and the most popular. If coarse 
gravel predominates and the demand and reserve warrants the capital 
outlay, ladder dredges are used, or sometimes clam shells. Steam shovels 
and drag-line excavators are in common use for dry sand banks. 

Consolidated deposits such as those in the Mapleton, Pa., Berkeley 
Springs, W. V., Portage and Massillon, Ohio, and Ottawa, 111., are mined 
by open cuts. In Pennsylvania and West Virginia the soft sandstone 
beds are tilted at a high angle. Here tripod and jackhammer drills are 
employed for comparatively shallow blast holes and usually the rock is 
loaded by hand. At Portage, Ohio, a consolidated gravel and coarse sand 
is drilled by churn drills to the depth of the face, 15 to 60 ft., and several 
holes are blasted at once. Loading here is by electric shovel. 

In the Ottawa district, the St. Peter sandstone, the source of the sand, 
lies almost level and the sand is only lightly consolidated. Blast holes 
are put down by a hydraulic jet, the tip of which is fitted with short 
cutting edges or wings. Only enough explosive is used to loosen the sand, 
which is then washed down from the face by a hydraulic giant and 
pumped to an elevator that raises the sand to the treatment plant. 

In Missouri, in the vicinity of Pacific and Crystal City, sand is mined 
both underground and from open excavations. At Crystal City the 
Pittsburgh Plate Glass Co. obtains both its glass sand and abrasive sand 
for grinding the glass from the same mine. The output is simply divided ; 
part going to the washing and preparation plant for glass sand and the 
remainder sent to the tanks for grinding sand. 

Preparation 

Nearly all special sands must be clean and free from excessive fines and 
clay coating. This means that they must be washed and a suitable 
supply of water for this purpose is required. In some plants the entire 
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output is one or more grades of special sands and the treatment then 
resolves itself into washing followed sometimes by drying and screen 
sizing. Hydraulic classification is not used for the separation of closely 
sized sands. 

At many plants the special sand produced is only a byproduct. 
For example, some plants that ship glass sand as their main product, 
also make sand-blast, filter and abrasive sand and sand for pulverizing. 
Some plants that produce steel-molding sand or commercial gravel-and- 
sand, also produce several grades of sand-blast and filter sand. The size of 
the natural sand grains and the mineralogical composition, of course, 
limit the special sand that can be prepared. 

WasJiing . — Unconsolidated sands are washed in the ordinary way by 
means of scrubbers, screens and settling tanks. If the main production 
must be unusually clean, as for glass sand, more thorough washing is given. 
At some plants in New Jersey a series of chain drags is used in standard 
practice. Consolidated sands, as in the Mapleton, Pa., and Berkeley 
Springs, W. Va., districts, require crushing, which is followed by wet 
grinding in modified chaser mills and washing by counter-current flow in 
helical screw washers of the Lewistown type. It would seem that more 
efficient grinding machines than the chaser mills could be used, but 
undoubtedly the scouring action, due to the sliding of part of the roller on 
the track, has an important effect in removing the clay coating from the 
sand grains. So far no satisfactory substitute for the chaser mill has 
been developed. 

In the Ottawa district, crushing and grinding is unnecessary as the 
hydraulic giant and subsequent pumping and washing separate the loosely 
cemented grains. Washing is done in tanks arranged with an overflow. 
Sometimes also hydraulic water flowing upward from the bottom of the 
tanks is used. The practice at (Jrystal City, Mo., is similar except that 
the sand is disintegrated in a steel-plate cylinder like a revolving screen 
with the discharge end closed. The lumps of sandstone act as pebbles 
and crush themselves until fine enough to pass the 1-in. openings in the 
shell. The resultant material is passed through a wet-crushing 
hammer mill. 

Two methods, or slight modifications of them, may be used to treat 
the wet washed sand: First, either the total amount passing through 
the plant is separated into the respective sizes, or a fraction of the total 
amount is split off and so separated, or, second, a part of the sand between 
certain maximum and minimum sizes is cut out and prepared into special 
sands. The first method is followed when all the material from coarse to 
fine may be used in some grade of special sand for which there is a market. 
It is the simplest and most common method. The second method applies 
,when a market exists only for grades between certain limiting sizes and 
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when the removal of some of these grades from the entire unsorted product 
will not damage, or may even improve, the grade of the remainder. 

Drying,— special sands are shipped dry. For this reason it is 

simpler to dry the entire product in one operation and separate the dry 
sand, rather than to separate by wet screening and separately dry each 
size. Dry screening is more perfect than wet, especially for the finer 
grades, because surface tension of the water may cause a small amount 
of fines to adhere to the coarser grains and be carried over with 
the oversize. 

Where glass sand is prepared, steam-heated driers are almost 
universally used. They are all of the type in which tiers of steam pipes 
form the bottom of the drier and support the wet sand. As fast as the 
sand dries, it falls between the pipes onto a conveyor that carries 
it to storage or the screening plant. This type of drier has the advantage 
of low maintenance and labor cost, it is fool-proof, there is no danger of 
discoloring or overheating the sand and it adds no fire risk to the plant. 
When discoloration is not objectionable rotary direct-heat driers burning 
coal, coke or fuel oil are used. Their thermal efficiency is probably 
higher than that of the steam driers, but they are a fire hazard, as over- 
heated sand may set fire to elevator housings and bins. Coal-fired 
tower-type driers are used in some plants. 

Screening . — Screening practice varies somewhat with the rigidity of 
specifications. If a graded product from coarse to fine may be used, as 
for some engine sand and stone-sawing sands, one pass through a revolv- 
ing screen either wet or dry, after the silt has been removed by washing, 
is usually enough to remove oversize and foreign matter. 

For close sizing between narrow limits all types of screens, sloping 
stationary, revolving and vibrating are used. Present practice, however, 
tends strongly to the vibrating type and practically all new plants are 
being equipped with them, even for the coarser sizes, 10-mesh to J^-in., 
whereas formerly they were only used for finer sizes, say below 10 mesh. 
If close sizing is necessary, the screens cannot be crowded to capacity. 
( )ne company gc^es so far as to rescrecui all its filter and sand blast grades. 

Storage and shipping differs from that for ordinary sand as 
usually the material must be kept dry, which requires shipment in box 
cars. Some grades are shipped in less than car lots, especially filter, sand 
blast and standard sand. Shipments of less than a car load arc made in 
paper or burlap bags. 

Uses and Properties of Special Sands 

The principal special sands and their characteristics or main specifica- 
tions are as follows. 

Filter Sand . — Filter sand is used especially for filtering municipal 
water supplies by mechanical or gravity filters. The sand must be 
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clean and free from clay, organic matter and flat particles. Not more 
than two per cent, should be soluble in hot dilute hydrochloric acid. 

The terms ^^effective size” and '^uniformity coefficient” are charac- 
teristic of filter-sand specifications. The effective size, expressed in 
millimeters, is such that 10 per cent, by weight of the sand is finer and 
90 per cent, is coarser than the given size. The uniformity coefficient is 
the ratio of the size of grain (than which 60 per cent, of the sand is finer) 
to the effective size. Although rather an awkward way of expressing size 
and uniformity, it is almost universally used in filter-sand specifications. 
Effective sizes used vary from 0.20 to 0.70 mm. and uniformity coefficients 
from 1.25 to 1.80. 



P'kj. 1. — Ottawa, III. fii.tkh sand. X 10. 

Figs. 1 and 2, respectively, show a rounded-grain filter sand from 
Ottawa, 111., and an angular-grained product from North Carolina. 

Engine Sand . — Engine sand is used to prevent slipping of the driving 
wheels of locomotives of all kinds. It is very important and the total 
production is considerable. Unsuitable or poorly prepared sand is often 
used, but the better managed railroads are careful to select suitable 
material. It should be fairly uniform in size, free from large lumps or 
foreign matter that would choke the feed pipes, and free from clay, dust 
or other impurities that would tend to hold or absorb moisture and 
develop a natural bond. Engine sand is often shipped wet and dried at 
the supply or storage station. An ideal sand would all pass a No. 20 
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and be retained on a No. 80 sieve. One large railroad requires the sand 
to be 95 per cent, silica. 

Fig. 3 shows a well graded and prepared engine sand and Fig. 4 
a poorly prepared sand, dredged from the Potomac River and used 
as traction sand by the street cars of the District of Columbia and 
some railroads. 

Abrasive Sands , — Abrasive sands include a large number of sands for 
special purposes. Some of them may require the most careful sizing 
and preparation, as sand-blast sands, whereas some may be ordinary 
unsized material such as is used for stone sawing. Usually, however. 



Fig. 2. — North Carolina filter sand. X 10. 


a graded or sized product is more efficient and is worth the extra cost if 
it does not have to be shipped too far. 

Sand-blast sand is one of the most important of the group. It is 
prepared in different sizes from No. 1 to No. 4 to suit different classes of 
work. Some producers use trade names or some method of designating 
the different sizes, but they approximate roughly the above grading. 
Fig. 5 shows a very close-graded sand-blast sand from Ottawa, 111. ; Fig. 6, 
a No. 1 sand-blast sand prepared from New Jersey bank sand; Fig. 7, 
No. 1 sand-blast sand, also used as filter sand, prepared from a New 
Jersey ocean beach; and Fig. 8, No. 3 sand-blast sand prepared from 
bank sand near Millville, N. J. Considerable variations may be noted 
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Fig. 6 — No. 1. sand-blast sand prepared from New Jersey bank sand. X 10. 
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in the grades from different plants, but most of them range in size 
approximately as follows : 

No. 1, through 20 mesh aiul retained on 48 inesli; 

No. 2, through 10 mesh and retained on 28 mesh; 

No. 3, through 6 mesh and retained on 14 mesh; 

No. 4, through 4 mesh and retained on 8 mesh. 

Sand for grinding stone, marble and plate glass and for similar uses is 
usually not a graded product. However, a washed sand with excess of 
fines removed and large particles screened out is desirable. Some 



Fig. 7. — No. 1 sand-blast sand piuopaiied from beach sand. X 10. 

firms use the same sand for plate-glass grinding as for the melt. All of 
one such sand passed a 28-mesh sieve and 90 per cent, was retained on 
150-mesh, being uniformly graded between these sizes. About 3 tons 
of sand are required to grind 1 ton of plate glass. Banding sand, a 
grade used for beveling glass, is finer than most grades and is often pre- 
pared by screening out the excess fines in glass sand or fine sand-blast 
sand. Usually it will have about 3 per cent, retained on a 35-mesh and 
92 to 95 per cent, retained on lOO-piesh screen. Sand for sawing and 
grinding stone is generally coarser than that used for glass. Some com- 
panies prefer to use a graded product about equal to No. 1 sand-blast 
sand, but most of it is not sized. One large marble company uses the 
sand shown in Fig. 9. It is a washed river sand with about 4 per cent, 
retained on a 10-mesh and 99 per cent, retained on 100-mesh sieve. 
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It should he not(‘(l that th(‘ j)h()tonii(*ro^rai)fis shown mv, not intended 
to represent the relative amounts of coarse and fine grains, but rather 
the range from coarse to fine. Fig. 10 shows a washed bank sand from 
New Jersey, intended essentially for a core sand but suitable for 
most abrasive purposes. It all passes a 14-mesh and is retained on a 
150-mesh sieve. 

Formerly sand was used for coating sand paper. Very little is now 
used for that purpose as it has been displaced by crushed quartz, the 
more efficient artificial abrasives, or garnet. 



FKi. S. No. 1;} .SAND-BLAST SAND rilEPAHED FllOM NeW JeIISEY BANK SAND. X 10. 

Abrasive sands, in general, should be high in silica, which means a 
high-quartz content, clean and free from clay, and the grains should be 
tough and durable. There is some question as to the relative merit of 
rounded and sharp grains. Both are satisfactorily used and probably 
availability and price are more important than grain shape. Sharp 
grains are probably faster cutting at first, but rounded grains are more 
durable and do not break down so quickly. The color of abrasive sands 
is of no importance except as an indication of purity. There is, however, 
always a trade prejudice in favor of white sands. 

Potters' Sand— Potters' sand, which is also known as placing sand, is 
used by potters to place between the ware in the saggers, and, for heavy 
ware, between the ware in the kiln. 1 wo grades, fine and coarse, are 
generally used. Both should be free from dust and fines and fairly well 








W. M. WEIGEL 


445 


sized. Material from 10 to 40 mesh is called coarse and 28 to 100 mesh, 
fine. Sand for white ware and refractories must be low in iron and fluxes. 
High purity is not essential for heavy dark ware. 

Roofing Sand.— Roofing sand, as the term is here used, is employed as a 
coating on prepared rolled roofing. A sand white, or nearly so, is 
demanded and preferably a rounded-grain product. Manufacturers^ 
requirements as to size vary somewhat, but generally a sand is required 
that will all pass 20 mesh with not more than 5 to 10 per cent, passing 
100 mesh, which is about the physical requirements of a good glass sand. 

Flooring Sand . — Flooring sand is the material used in asphalt mastic 
flooring that consists of asphalt cement, a sand aggregate and a fine 
mineral filler. The sand must be clean and free from clay and silt. 
It should all pass a No. 3 sieve, at least 40 per cent, should be retained on 
a No. 8 sieve, and not more than 8 per cent, should pass a No. 100 sieve. 

Standard Standard sand is a very uniformly sized product 

used in cement testing or as a standard with which to compare the effect 
of other sands in concrete mixtures. Only the rounded-grain St. Peter 
sand is used as produced at Ottawa, 111., and after it has been carefully 
screened through a No. 20 and retained on a No. 30 standard sieve. 
The consumption is of course very small as it is for laboratory use only. 

Sand for Oxychloride Cement or Plaster . — Sand for oxychloride cement 
or plaster is an important ingredient of this material. A white sand is 
preferable and it should be clean and free from clay and clay-coated 
grains. It must be decidedly finer than that used in Portland cement. 
Tests have shown that a good sand for this use will all pass a 10-mesh 
sieve, 95 to 98 per cent, will pass 20 mesh, and it should be well graded so 
that not more than 3 per cent, will pass 100 mesh. Both sharp and 
rounded-grain sand is used. 

Sand for Chemical and Metallurgical Use . — Sand for chemical and 
metallurgical use is needed in the manufacture of sodium silicate and the 
artificial abrasive carborundum, or silicon carbide. For both these uses 
a sand that meets the re(iuirements of a high-grade glass sand is acceptable. 
For sodium silicate, however, the iron and aluminum must be especially 
low as iron affects the color and alumina the solubility of the resulting 
glass. For silicon carbide, not more than traces of lime, phosphorus and 
magnesia must be present as they form unstable compounds. The sand 
should be free from dust, and in other physical properties it should equal a 
good glass sand. 

Sand for Pidverizing . — Sand for pulverizing is used as a source of 
ground silica or quartz for use as paint filler, fine-grained abrasives, pot- 
tery, stucco, wall board and special plasters, foundry parting, soaps and 
similar uses. Only high-grade silica sands are suitable as both chemical 
purity and color are important. Regular run of prepared silica and glass 
sands are used and sometimes the fines screened out in the preparation of 
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coarser closely sized products, such as filter and sand-blast sands. Dust 
and fines are not objectionable unless they contain undesirable impurities. 
Iron oxide is objectionable and should be less than 0.05 per cent. Small 
amounts of alumina, lime and magnesia are not harmful. Oxides of 
other metals as titania are objectionable for the same reason as iron oxide, 
as they affect the color of the finished product in which the silica is used. 

Possible Byproducts in the Preparation of Sand 

In the preparation of so cheap a commodity as sand, a possible 
recovery of valuable byproducts would hardly seem probable. Although 
this is true for most plants, it is believed that there are exceptions worthy 
of investigation. At some plants preparing a high-silica sand for various 
purposes, the wash water is settled and the fines marketed for special 
grades of molding sand, surfacing for tennis courts and sand for other 
uses. Also, it is believed, possible uses exist for the oversize screened 
out of some special sands, which are now thrown away as waste. In 
most plants, of course, whether the tonnage of such byproducts is suffi- 
ciently worth while is often a question. 

At a plant in New Jersey preparing glass sand from a bank deposit, 
two grades of glass sand are prepared. The first, which is washed in the 
ordinary way, is suitable for common clear bottle-glass. For the best 
grades of crown glass for bottles, this washed sand is passed over James 
concentrating tables to remove the heavy minerals. 

A partial analysis^ of the washed sand, is as follows; 

J*LU Cent 


Ferric oxide (Fe 203 ) ... 0 07 

Titanium dioxide (Ti02) 0 129 

Aluminum oxide" (AljOaj 0 34 


“The AI 2 O 3 contains any ZrO^ that may be present. 

A partial analysis of the washed sand after tabling is as follows: 

Per Cent. 

Ferric oxide (Fe 203 ) 0.03 

Titanium dioxide (Ti02) 0 032 

Aluminum oxide® (AI 2 O 3 ) 0 33 

“The AI2O3 contains any Zr02 that may be present. 

The analysis of the concentrates, or material removed in tabling. 


is as follows: 

Per Cent 

Silica (Si02) 7.7 

Alumina (AlaOg) 4,0 

Ferric oxide (Fe208) 24.2 

Titanium dioxide (Ti02) .... ... . ^ 52.8 

Zirconium oxide (Zr02) 9 8 


All analyses were made by the U. S. Bureau of Mines. 
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With the ferric oxide eoiiU^nt :is a basis of (\al(nilation, 100 tons of sand 
would yield approximately 330 pounds of eoneentrates; using the titanium 
oxide content as a basis gives 307 pounds of concentrates; say an average 
of 350 pounds. A petrographic examination of the concentrate showed 
it to be made up of limonite, ilmenite, rutile, zircon, rock fragments and 
quartz. It is difficult to estimate the commercial value of this product as 
its value would depend on the ability to separate the different minerals 
into marketable products. This method of cleaning sand on tables might 
make possible the development of deposits not now workable. It is at 
least an interesting possibility. 

Possible Fields for Keskarch 

Possible lines of research on special sands naturally group themselves 
under two heads : Preparation and utilization. 

Preparation . — Under preparation there is ample room for study of 
efficient methods of washing, screening and drying. The best methods for 
these different processes have not ^^et been found for all conditions. 
The common practice is, of course, the usual procedure of adopting 
methods and equipment that have been used in the given district. Pre- 
paration studies would also include investigations of possible uses and 
methods of treatment of present waste products at sand plants, either as 
special sands or the waste products from the preparation of certain sands 
as mentioned under the tabling of glass sand in New Jersey. 

Utilization . — Studies on the utilization of special sands would prob- 
ably best be devoted to methods of testing physical properties for suita- 
bility for specific uses, with possibly some effort given to finding new uses. 
This latter, however, is believed to be of secondary importance. Specific 
problems that suggest themselves are, the relative advantage of sands of 
rounded and of angular grain for the different abrasive uses; a method of 
determining the toughness or durability of abrasive sands; a method 
of determining"|the abrasive value of sands; and relative advantages of a 
closely sized and unsorted sand for certain abrasive purposes. 

A more rational method of defining the size and grading of filter sands 
ought to be devised, although the present method is very firmly estab- 
lished by usage among sanitary engineers. The sand producer, however, 
would welcome a more direct method. The relative advantages of better 
filtering of rounded-grained sand as compared with the greater surface 
area of angular-grained sand and the effect on the filtered water have 
never been definitely determined. 

These and many other special problems make an interesting field for 
investigation. They cannot all be solved at once. Probably the accu- 
mulation of information from experience will decide most of them before 
they are solved by direct attack. 
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DISCUSSION 

H. Ries, Ithaca, N. Y. — Rlast sands are usually of a highly silicous 
character. A former student now in Hawaii, attempted to clean some 
badly rusted iron work with volcanic sands of that locality, which are 
made of the fine sharp particles of lava. He was not very successful. 
Then he tried coral sand from the beach and found it worked better than 
the volcanic ash. 

W. M. Weigel, Washington, D. C. — The difficulty with the volcanic 
sands was their low specific gravity. It would not have enough energy, 
velocity, or force to abrade the surface. Steel shot is, volume for volume, 
more efficient than sand, but the cost is one of the chief objections to it, 
and also the difficulty of keeping it from rusting. 
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Borate Deposits Near Kramer, California ' 

By Hoyt Stoddaed Gale, Los Angeles, Calif. 

(New York Meeting, February, 1926) 

Recent work on borate deposits near Kramer in the extreme 
southeast corner of Kem County, California, is of special interest because 
of the information it seems to give concerning the mode of origin of the 
borate minerals colemanite and ulexite, especially when considered in 
conjunction with the valuable clue to the mode of origin of colemanite in 
its present known deposits given in a paper by W. F. Foshag,^ of the 
United States National Museum. Colemanite is found in or near original 
deposits of ulexite, from which it is supposed to have been derived by a 
change in the character of the ground water or rate of its movement 
or both. 

Indications that an alteration of this sort had produced colemanite 
were first recognized by the writer^ in specimens collected in the Kramer 
district in 1920, and sent to W. T. Schaller, at U. S. Geological Survey, for 
identification. The identity of the two borate minerals in these speci- 
mens was suspected when collected but not at once determined, but the 
relations of the minerals as seen in the specimens seemed to afford a mani- 
fest clue to the origin of the deposits. Similar specimens were obtained 
by the writer from deposits in Death Valley soon after he had examined 
the deposits near Kramer. After studying the specimens submitted to 
him Dr. Schaller wrote as follows: 

have finally positively identified the boron minerals you sent me 
with your letter of Sept. 27. The ‘white fibrous mineral like ulexite, 
is ulexite; the ‘harder nodules^ in the clay are colemanite, apparently 
formed from the ulexite as a result of leaching, with recrystallization in 
place — a theory that Foshag is working on.'^ 

The present paper is a report on the facts observed at the depo its 
near Kramer, and some general observations on the geological relations 
noted, which, unfortunately, still form only a very incomplete record. 

The intimate association of deposits of colemanite and ulexite in 
California and Nevada with certain volcanic rocks affords a strong pre- 


W. F. Foshag: Origin of the Colemanite Deposits of California. Economic 
Geology y 16, (1921) April-May. 

* Hoyt S. Gale: Origin of Colemanite Deposits. U. S. Geol. Surv. Pro/. Paper 
85 (1914), 3-9. 
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sumption in favor of the direct volcanic origin of the boric acid they 
contain. The occurrence of the larger deposits of borates in certain 
volcanic provinces, near lava flows that were probably particularly rich 
in boron, suggests their volcanic origin. It is well known that boric acid 
is emitted in solution from some volcanic vents, and these minerals are 
such as might have been formed by direct crystallization from solutions 
carrying boric acid or its immediate products. Perhaps the solutions 
containing the borate constituents were a part of the original magmatic 
waters. It therefore seems unnecessary to look farther for the original 
source of the boron in these deposits, at least until some facts are 
discovered that shall require a more complex explanation. Notwith- 
standing certain suggestions that have been made, there appears to 
be no direct connection between the nitrate and the borate salts that are 
found in some of the western deserts. If, then, we may accept the theory 
that these borate deposits are of immediate volcanic origin, we may find 
it possible to outline certain areas as primarily “borate provinces,^' 
within which deposits of borate minerals may be found, provided, of 
course, that other conditions are favorable to the occurrence of these 
minerals. The stratigraphic relationships of the known deposits 
of these borate minerals may afford the clue to some of the other favoring 
conditions referred to. 


Specific Evidence Concerning the Origin of Colemanite in the 
Kramer District 

The specimens first collected about the mouths of prospecting pits 
in the Kramer district (the shafts there were then inaccessible) were 
evidently nodules of mineral that had been formed in clay resembling the 
ordinary mud that is now being deposited in the intermittent lake beds of 
the desert basins. The nodules seem to have been entirely distinct and 
separate in the original clay matrix, and most of those first seen were 
smaller than a man's fist. 

Some of the nodules, when broken, were seen to be composed of a 
hard, radially-crystalline mineral, which was made slightly gray by 
included mud but would presumably have been white or glassy 
clear if pure. Other nodules were composed of a milk-white silky-fibrous, 
almost chalky mineral, in which the fibers are crinkled or irregularly 
wavy. This silky fiber suggested the mineral ulexite, but it seemed 
harder than the ulexite found in the moist surface clay about the 
margins of playa lake beds. The appearance of some of the broken nod- 
ules indicated that the mineral ulexite, of which the nodules were origi- 
nally composed, had later been in part recrystallized within the nodules 
to form a secondary mineral, which proved to be typical colemanite. 
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Significance of Kramer Deposit Specimens 

The special significance of the specimens obtained from the deposits 
near Kramer lies in the fact that the borate minerals are scattered through 
the clay or shale as separate nodules, essentially in the way in which they 
seem to have been first formed within the enclosing mud. Almost all 
other colemanite deposits visited by the writer seemed to have under- 
gone greater alteration from some original form, partly by mechanical 
breaking due to shattering, crumpling, and dislocation of the enclosing 
beds and partly by the recrystallization of the colemanite in secondary 
veins along fractures made across bedding or other structural planes. 
The Kramer deposits seem exceptional in that they show the simplest 
mode of formation of these minerals yet noted. Many of the other well- 
known deposits of colemanite consist of great irregular, broken masses, 
in which the pure crystalline mineral is mixed with squeezed clay or shale 
and fragments of detritus of other rocks in a manner that obscures the 
determination of their origin. 

In his former paper the writer regarded colemanite as a vein deposit, 
using the term **vein*^ to cover also deposits formed by metasomatic 
replacement, the present ore mineral having been produced from another 
different mineral by chemical processes and deposited within a certain ore 
zone in the enclosing beds. This explanation was contrasted with the 
former suggestion of the mode of origin of these minerals, namely by 
precipitation as a ‘^saline residue^' from solution by the evaporation of 
surface waters — such a residue, for example as the common salt and soda 
found in the beds of western desert lakes. Natural borax does form by 
evaporation of saline waters, and for a long time deposits of colemanite 
and ulexite were included in the same class as deposits of borax. 

The writer takes this opportunity to revise in one particular the views 
he tentatively expressed in his former paper on the origin of colemanite, 
and he considers himself fortunate in finding so good an example showing 
the origin of this mineral. In his former paper he suggested that cole- 
manite might have been formed as a replacement of limestone, in which 
carbonic acid might have been replaced by boric acid derived from per- 
colating ground-water solutions derived from volcanic rocks. This 
reaction is not probable under ordinary conditions — a fact that was 
recognized when the suggestion was made — but certain observed inter- 
growths of colemanite and limestone seemed to suggest that the reaction 
had really taken place. Specimens showing the intergrowths referred to 
are probably still in the collections at the U. S. Geological Survey or the 
National Museum, and possibly also at the Massachusetts Institute of 
Technology, to which one sample was sent for inspection by Dr. Walde- 
mar Lindgren. However, this one pK)stulate in the original hypothesis 
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of the writer was very far from finally determined, and the facts now 
available furnish a much more general and satisfactory explanation of 
the origin of most of the known large deposits of colemanite. 

Origin of Colemanite Deposits 

The most plausible explanation of the origin of deposits of colemanite 
is that which has lately been developed by Foshag, who writes as follows : 

“Ulexite is the common borate occurring in the playa lakes, where 
it is found with borax and salt ... By leaching ulexite with sodium 
chloride solutions instead of pure water he (Van't Hoff) obtained cole- 
manite. The reaction is completely reversible and, by varying the 
amounts of borax, can go in either direction — colemanite and borax 
may result from ulexite or ulexite from colemanite and borax. If an 
excess of borax is present, any colemanite is converted into ulexite; while 
if the borax is removed as it is formed the ulexite will break down com- 
pletely, giving colemanite if the solution is salt-bearing. 

Ulexite is a common mineral in the muds of many playa lakes in 
desert regions, especially in certain volcanic districts. Deposits of ulexite 
originating in a way similar to that of the more modem deposits were 
formed in early geologic time. Most of the colemanite deposits that we 
now know in California and Nevada are in beds of Miocene age. Ulexite 
of the well-known playa type of deposit is usually found around inter- 
mittent desert lakes, and Foshag contends that its deposition was made 
possible by the presence of an excess of borax in the ground water and 
that the ulexite therefore remained for a time fairly permanent. When 
these deposits were later covered over and uplifted sufficiently to allow 
free drainage from the beds, the percolation of sodium chloride solutions 
gradually converted the ulexite to colemanite.'' 

The evidence afforded by the deposits themselves seems to support 
this or some closely related theory of origin. Some of the specimens 
collected from beds about Kramer show ulexite and colemanite inter- 
grown in the same nodule, as if the colemanite had been formed by only 
the partial recrystallization of an original ulexite nodule. The presence 
of masses of solid ulexite in some parts of this district and only cole- 
manite nodules in others would seem to indicate that the conditions 
leading to one or the other mode of formation were very nearly balanced. 
Thus the reaction producing colemanite in this district is apparently not 
complete, and perhaps we see here evidence of the transition in process. 
Not much of the colemanite formed seems to have been carried away from 
the nodules containing the original borate mineral, and the fact that the 
colemanite was not crystallized into secondary veinlets here, as it is at 
many other places, indicates that the infiuences which effected the trans- 
formation were not very active at this place. 
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History op Discovery op Borate Minerals at Kramer 

The announcement of a new ‘'borax find’' appeared in California 
newspapers under large headlines in October, 1913. At first the dis- 
covery was credited to F. M. Smith (“Borax Smith”), but later it 
appeared that Mr. Smith took little, if any, part in it. 

Dr. John K. Suckow, a physician of Los Angeles, had made a desert- 
land entry on the northwest quarter of Sec. 22, T. 11 N., R. 8 W., and in 
boring a well for water near the middle of this tract encountered deposits 
of a crystalline mineral that attracted enough interest to justify a test, 
which proved it to be a borate. Testimony given in court under oath 
shows that these deposits were found at depths ranging from 369 to 410 ft. 

The well that penetrated these deposits was bored on the broad, 
sloping, sage-covered plains on the northern border of the Mojave Desert, 
in a district that is sparsely settled. This district is in the corner of 
Kern County, about 10 miles northwest of Kramer, which is in San 
Bernardino County, and about 25 miles directly east of the town of 
Mojave. The deposits themselves are only about four miles north of a 
small station called Rich, on a main line of the Santa Fe R. R., with which 
they are now connected by a rather sandy stretch of direct and almost 
level road. The transportation facihties are thus exceptionally good as 
compared with those in most other districts that contain commercial 
deposits of borate. 

The agricultural entries on lands in this district were apparently 
relinquished soon after colemanite had been found on them, and other 
entries were then made as mining claims, mostly in placer form, on these 
and adjacent public lands, of which alternate odd-numbered sections 
already belonged to the Southern Pacific R. R. by virtue of the original 
grant made from the public lands. Soon after the discovery became 
known, not only the Suckow property but several other holdings in this 
district passed into the control of the Pacific Coast Borax Co., either in 
its own name or in the name of allied organizations, such as the United 
States Borax Co. and the Borax Consolidated, Ltd., the latter being the 
parent organization in London. This company now owns most of the 
known borate-bearing land in the district, the most conspicuous exception 
being a certain tract that is in part withheld by Dr. Suckow, on which he 
has now developed commerc al production and from which he is manu- 
facturing borax at his plant in Los Angeles.® Shafts recently put down 
by Dr. Suckow on his own initiative have led to a revival of interest in the 
commercial possibilities of this district. 


• Since this paper was written, the original Suckow holdings, including the Suckow 
interest in the borax manufacturing plant at Los Angeles, have been sold to the 
Pacific Coast Borax Co. Dr. Suckow still claims an interest in certain lands outside 
of the original holdings, but his claim has been a subject of litigation. (Dec., 1925.) 
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It is unfortunate that much of the geologic evidence concerning such 
deposits as this, and in fact concerning most of the borate deposits mined 
in this country and abroad, is rendered unavailable to the public by the 
policy of secrecy maintained by nearly all those who are interested in 
them. The borax industry has been essentially monopolistic, and the 
monopoly has been maintained by policies in which secrecy seems to be 
essential. Now, however, a new source has entered the field success- 
fully — ^namely, the saline deposits at Searles Lake — and so long as these 
enterprises remain independent of the company that now holds almost 
all other potential producing borate deposits in the world we may consider 
the production of borax a competitive industry. 

Explobation and Development in the Distbict 

The desert north of Rich station, on the Santa Fe R. R., consists of a 
broad, gently sloping plain, covered with sagebrush and having a very 
sandy or gravelly soil. This plain rises from an elevation of about 2350 ft. 
at Rich station to one of about 2600 ft. at the foot of the mountains that 
form its northern border. This plain is part of a great stretch of alluvial 
waste over which intermittent drainageways have poured rock detritus 
over broad, flat, merging slopes, converging toward low points in the 
desert, and forming equally intermittent water-bodies, whose flat basins, 
when dry, are known as playas or dry lakes. 

Near Rich the surface deposit of the plain consists largely of granitic 
materials, such as quartz sand, gravel, and more or less broken boulders, 
with which are mixed fragments of basaltic lava and chalcedony derived 
from nearby volcanic rocks. In the vicinity of the borate prospects this 
surface wash forms a deposit about 100 ft. thick, which the miners call 
the overburden.” The water in this region is usually found in this 
surface deposit, although at some places small supplies are obtained from 
the underl 3 ring strata. This alluvial cover masks all signs of the under- 
lying rocks, which are revealed only at places where the hills bordering 
the plains rise out of the alluvium. The rocks exposed at such places 
consist of hard lavas, which occur as flows interbedded with the sedi- 
ments, and of intrusive masses. Large areas of granite occur in the 
higher hills to the north. 

A section that is characteristic of the beds encountered in prospecting 
in this region consists of the following members: 

1. Gravel and boulder overburden at the top. 

2. Clay or mud, described by the miners as ** green shale,” with some 
sandy layers and here and there arkosic sandstone and conglomerate. 
This formation overlies the borate-bearing beds, and is not reported to 
contain borates. 

3. Clay of gouge t 3 rpe, generally dark bluish-green or gray, locally 
called ^'blue ^ale,” through which the borate minerals are scattered in 
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nodules. This clay is usually moist when first removed from the ground, 
and its moisture gives it a darker color than it would otherwise have. 

4. Basaltic lava, much of it vesicular; evidently flows interbedded 
with the sediments. 



The accompanying map of the Kramer district, showing the location 
of the principal prospects that have been sunk for the borate minerals, is 
based upon a contoured topographic map published by the U. S. 
Geological Survey — the Searles Lake sheet. 
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For some time the only evidence available concerning these deposits 
was that reported for the original discovery. A partial log of the Suckow 
discovery well in Sec. 22, obtained from testimony given in a certain court 
case is as follows: 


Dbpth in Fbbt 


MATKBIAIi 


190-331 

331-369 

369-410 

410-435 

436-445 

445-450 


Clay, dark, putty-like 

Shale, blue 

Colemanite 

Shale, blue 

G3T)8um 

Rock formation 


The beds here described as gypsum may consist of some other material 
for no gypsum has been found in other parts of this deposit. The rock 
formation at the bottom of the boring is probably the basaltic lava 
referred to elsewhere. A shaft was sunk later at the site of this well, 
but as it was carried down only about 200 ft. it reached only the so-called 
green shale and probably did not encounter any borate minerals. On 
the dump at this shaft are specimens of dry, dark greenish-gray clay, 
which was perhaps originally shale. 

The prospecting that led to the discovery at Kramer was followed by 
other prospecting, chiefly by the borax company, of which the following 
incomplete records are available. A shaft near the middle of the north- 
east quarter of Sec. 22, known as the Slosser shaft, encountered nodular 
borate minerals in a bed 10 to 14 ft. thick at a depth of 110 ft., and this 
bed was immediately underlain by a mass of vesicular basaltic lava, 
which was excavated to a further depth of several feet without reaching 
its bottom. Ore taken from this working stood in sacks at the mouth 
of the pit, exhibiting specimens of ulexite and colemanite like those 
here considered. 


The Ulexite Shaft 

Another shaft, about 600 ft. S. 70® E. of the Slosser shaft, has been 
called the Ulexite shaft, because a quantity of the hard form of the milky- 
white silky-fibered ulexite was found at this “place. Ulexite is reported 
to have been encountered also at a depth of 110 ft., and the boring was 
sunk only about 10 ft. deeper, into a solid-looking body of this mineral. 
Evidently considerable pains have since been taken to conceal whatever 
was found at this shaft, as the entrance was blocked and access was 
denied, but excellent specimens of ulexite were seen on the dump. A bor- 
ing some 40 ft. south of this Ulexite shaft also brought up ulexite, and 
reached the top of the basalt sheet at a depth of 190 ft. These workings 
are all in Sec. 22. 

Other borings were put down at about the same time the work just 
described was being done. A boring near the south boundary of Sec. 
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14 is reported to have encountered borates at a depth of 275 ft. Several 
other shallower shafts and borings northwest of the center of Sec. 14 
yielded results not definitely known to the writer. 

A boring sunk by John L. Hannam and associates in the northwest 
comer of Sec. 24 is reported to have struck borate minerals in quantity 
at a depth of 250 ft. The claim was afterward bought by the borax 
company. Other prospecting in the northeast quarter of Sec. 24 is 
said to have found some of the most promising ground in the district, 
but this land also has passed into the control of the borax company, 
and details concerning it are not available. W. Scott Russell drilled a 
hole in the extreme northeast comer of Sec. 21, encountering light greenish 
shale at a depth of about 120 ft. and finding a good showing of colemanite 
at 160 to 180 ft. Another hole was started in the southeast corner 
of Sec. 16, but the property so prospected was sold to the borax company 
before the boring had reached a sufficient depth for an adequate test, and 
the work was stopped. Another hole was put down by the borax com- 
pany in the northwest corner of Sec. 22 to a reported depth of 260 ft., 
but the result is unknown to the writer. Another boring near the middle 
of the north half of Sec. 22 (depth reported, 250 ft.) and one near the 
middle of the same section encountered some borate minerals, but no 
details concerning them are available. 

Three prospect wells have been drilled recently in the northeast quar- 
ter of Sec. 20 by Geo. M. Kohler, evidently in search of a possible western 
extension of the borate belt. These test wells were all unsuccessful. 
Basaltic lava was encountered in each well; in No. 1 at a depth of 269 
ft., in No. 2 (just southeast of No. 1) at 207 ft., and in No. 3, which was 
drilled near the center of the east edge of the section, at 240 ft. Green 
shale was struck below the usual 150 ft. of gravel overburden, and 
deeper a thin showing of blue shale, but the latter yielded no borates. 
Another well, drilled by others still later, about 1000 ft. north of the No. 
3 Kohler well, encountered green shale at a depth of 120 ft., a small bed 
described as blue shale at 195 ft., and basalt at 250 ft., but no borates. 


Suckow Shaft No, 2 

Work of special interest was done in the summer and fall of 1924 by 
Dr. Suckow. A shaft was sunk near the middle of the northeast quarter 
of Sec. 22 on proi>erty then partly in Dr. Suckow's control and close to a 
similar shaft put down by the borax company. The result of the borax 
company's work was evidently not known to Dr. Suckow at the time, 
for he began to sink a mining shaft that reached basaltic lava at a depth 
of 180 ft. but found no borate minerals. Apparently in spite of some 
opposition, and with persistence characteristic of the prospector, Dr. 
Suckow then continued his work at a place near the middle of the south 
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side of the northeast quarter of Sec. 22, about 1000 ft. south of his unsuc- 
cessful shaft, where, by drilling a series of preliminary borings, he dis- 
covered a considerable body of borate minerals. He then began to 
sink a regular mining shaft, with results described as follows : 

Loo or Stjcrow Shaft No. 2, Skc. 22, T. H N., R. & W. 

Dbpth 

(Fsst) Chabactbx or Matbbials 

0 Sand and gravel at mouth of shaft, at an elevation of about 2400 ft. 

0-105 “Overburden,” alluvial wash consisting of sand, gravel, and boulders of 
granite and basalt. 

105-170 Shale, described as green, with a caliche-like lime at its contact with the 
overlying beds. 

170-210 Sandstone, arkosic, and conglomerate made of fresh to partly disintegrated 
granite, this being a distinctly interbedded part of the borate-bearing series. 
210-280 Shale, moist, dark-greenish when fresh, through which lenses ot nodules 
of borate minerals were irregularly scattered. 

280-330 Basalt, massive, compact, evidently a part of an interbedded volcanic flow. 


The contact of the arkosic sandstone with the underlying borate- 
bearing shale showed apparent stratigraphic conformity, and the beds 
appeared to strike N. 70® W, and to have a southerly dip of about 
25 deg. Near the bottom of the shaft, at a depth of 330 ft., at the 
contact of the borate-bearing shale with the underlying basalt, the beds 
seemed to strike about N. 40® W. and to have a southerly dip of 50 deg. 
As seen in the shaft the borate-bearing shales are so greatly contorted as 
to show much variation in structure, and it would be difficult to deter- 
mine their general trend from the small space that was open for observa- 
tion at the time of the writer^s visit. 

A boring put down 100 ft. southwest of the site of the present mining 
shaft gave the following log : 


Dspth nr Fmet Matxbzals 

0-105 Gravel and granitic wash debris, alluvial. 

105-180 Clay or shale without definite showing of borate minerals. 
180-275 (Not reported.) 

275-280 Shale, blue. 

280-282 Shale, giving test for borates. 

282-289 Colemanite. 

289-297 Colemanite nodules in clay. 

297-300 Colemanite. 

300- 301 Shale, blue. 

301- 303 Colemanite and ulexite. 

303-305 Colemanite. 

305-314 Colemanite nodules in mud. 

314-329 Colemanite. 

329-339 Cdemanite nodules. 

339-351 Shale, blue, containing nodules of colemanite. 
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The subsequent development on this ore body in the mine seems to 
indicate that such a record as the above — an interpretation of well- 
cuttings and drillers' notes — ^is very unsatisfactory, because the driller 
usually places too much emphasis on the more noticeable economic 
features of his work, as, for example, the crushing of the harder nodules 
of colemanite, although the deposit is composed predominatingly of clay. 
In the mine this section was found to consist largely of clay or shale 
containing nodular masses, up to a foot or more in larger dimension and 
consisting of more or less compact colemanite, at many places rather 
intimately mixed with the clay. 

The ore zone developed by this work has the appearance of a fault 
gouge. Where the enclosing strata are less contorted the colemanite 
lies in lumps that conform essentially with the original bedding of the 
clay. No secondary recrystallization of the colemanite in the fractures 
was noted. It is still uncertain whether there has been extensive faulting 
between the borate-bearing clays and the basalt or whether the contor- 
tion observed is merely the result of crumpling of the soft shale or clay 
against the rigid mass of the basalt. The writer is inclined to favor 
the latter alternative, although in the mine the basalt seems shattered 
through a considerable zone underneath the gouge-like clay containing 
the borates. 

The deposit of colemanite here is not nearly so large nor so free from 
included clay, etc., as many deposits that have been mined commercially 
elsewhere. The record of Dr. Suckow's present work, however, is very 
encouraging. The larger blocks of colemanite, which were being sorted 
as the material was hoisted from the mine, were furnishing daily about six 
tons of shipping ore that was said to yield an average of 32 to 35 per cent, 
of anhydrous boric acid, without calcining or other separation or purifica- 
tion. After this ore has been roasted and ground its average content of 
acid is increased to about 40 per cent. The material is said to be readily 
adapted to the ordinary methods of treatment employed for converting 
colemanite to borax, and the output here has been regularly utilized in 
this way at the refining plant in Los Angeles. Although at the time of the 
writer's visit a considerable part of the cost of operation would be properly 
chargeable to development and standardization of methods, it was 
understood that the product was being obtained as raw material for the 
Los Angeles plant at a total cost not much different from that of cole- 
manite mined elsewhere. As the work on the Kramer deposits proceeds 
the product can doubtless be obtained and shipped in a much more 
efiScient way than it is at present. 

The review of the foregoing details, aside from their stratigraphic 
sgnificance, is considered justified by the need of putting the facts on 
record for such practical use as they may prove to be in determimng the 
further commercial resources of the district. 
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Stratigraphic Relations op the Beds Containing the Borates 

The exact geologic age and stratigraphic position of the borate- 
bearing series is still in some doubt, but evidence accumulating from 
various sources indicates that most of the known deposits of colemanite 
are of approximately middle Miocene age. Although the stratigraphy of 
the marine series on the west side of the Coast Ranges and in San Joaquin 
Valley has been well worked out and the determinations of their age are 
supported by rather abundant paleontologic evidence, the correlations 
across the ranges from these marine sections over into the Mojave Desert 
region and farther east are obscure, and fossils are not abundant in the 
desert. This problem deserves careful study, and the writer will not 
here attempt to present a thorough review of the evidence available. 

The borate deposits occur in a series that has been called the 
Esmeralda by King in his reports on surveys made along the 40th parallel 
and in later reports; the Siebert Lake beds by Spurr and others in reports 
on Nevada geology; and the Rosamond series in reports on the Mojave 
Desert region of California. Later the terms Ricardo series and Barstow 
series have been applied to rocks of about the same age in the Mojave 
region. The Barstow series probably includes the borate-bearing beds 
near Daggett and elsewhere, which are considered late to middle Miocene. 
The Ricardo series is considerably younger than the Barstow; it is sup- 
posed to be of latest Pliocene age. The type Rosamond may overlap the 
Barstow, although Buwalda^ suspects this Rosamond is older even than 
the Barstow. The Rosamond consists largely of volcanic rocks and is 
not so typically a desert formation as either the Ricardo or the Barstow. 

Perhaps the most direct tie between the marine Tertiary deposits of 
the Coast Ranges of Southern California and the inland lake deposits of 
the desert region may be found in the series of volcanic flows that lie 
along both sides of the Tehachapi Mountains. The deposits of cole- 
manite in northeastern Ventura County are associated with a series of 
basaltic flows that is probably contemporaneous with a series of like 
flows at the southern edge of the San Joaquin Valley — a series that is 
pretty well defined in age by its marine fauna. Pack,^ in describing the 
Tertiary volcanic rocks of the oil-field district in southern California, 
suggests their correlation with the Tertiary volcanic rocks of the borate 
district in the Lockwood Valley, just across the San Emigdio Mountains. 
Flows of basalt and sills of the same kind of rock occur in the uppermost 
part of the Vaqueros formation and in the overlying diatomaceous 
Maricopa shale. An older series of volcanic flows, consisting of tuff, 
andesitic agglomerate, and scoriaceous basalt, lies in the upper part of 


* Perscmal communication. 

* R. W. Pack: The Sunset-Midway Oil Field, Calif omia. U. S. Geol. Surv. 
Prof. Paper 116, (1920) 52. 
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the Vaqueros formation and is far more widespread than the younger 
series of flows referred to above. These lava flows were probably laid 
down in part beneath marine waters and in part subaerially. The 
Vaqueros formation is assigned to early Miocene time, and the diatoma- 
ceous Maricopa shale, often referred to as Monterey shale, abundant in 
the southern Coast Ranges of California, may be regarded as of middle to 
late Miocene age. The writer now believes that the borate deposits are 
associated with some of the later or younger rocks refered to above.® 

Longwell, working in southern Nevada, ^places the borate-bearing beds 
of that region in his Horse Spring formation, and suggests the correlation 
of that formation with the Siebert and Esmeralda formations of south- 
western Nevada, because of agreement in lithology and degree of deforma- 
tion, as well as in general regional relations. He decides that these beds 
are of upper Miocene age. 

Borax'' Mining Claims 

There is no reason to doubt that the colemanite deposits that are 
commercially worked today are lode deposits within the original meaning 
and intent of the United States mining law. Colemanite claims have 
been patented for both lodes and placers, so that precedents have been 
established for both forms. However, this practice has undoubtedly 
been followed because those who are entrusted with the administration 
of the mining laws have been uncertain as to the true geological character 
of a colemanite deposit, and they have undoubtedly acted upon the best 
information available to them at the time the decisions were made. 
Not only the land officials, but even those who have worked upon the 
deposits themselves have been uncertain as to the form and origin of 
the deposits. As a consequence lode and placer claims and patents in 
the same mining districts are maintained on essentially the same deposits, 
although the maintenance of a claim on one form is in itself a 
contradiction of the claim in the other. 

This contradiction has been of somewhat natural development. 
Borax is a water-soluble mineral, and it is found in the evaporation 
deposits of some of the desert lake basins. It is deposited there by the 
evaporation of saline solutions, just as many other salt deposits have 
been formed. The United States mining law, by a special act, has 
recognized salt deposits as locatable and patentable by means of placer 
claims. Therefore, it has been natural to assume that a mineral salt like 
borax might be included in the same class with common salt. But the 
natural deposits of borax found in some of the desert salt marshes are 

• Hoyt S. Gale: Borate deposits in Ventura County, California. U. S. Geol. Surv. 
Butt. 640, (1914), 434. 

^C. R. Longwell: Geology of the Muddy Mountains, Nevada. Am, Jour, Sci. 
60 , ( 1021 ), 52 . 
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distinctly different from the deposits of ulexite or the colemanite from 
which artificial borax is now chiefly manufactured. All of these minerals 
may occur in the same mining district. 

Many of the earliest workings of borate minerals were located on the 
so-<^alled cottonball or ulexite deposits. When these were located as 
mining claims there was some reason for the general assumption that the 
placer form of location should apply to them also. There was no specific 
authority in mining law for classifying them as placer deposits, but 
apparently such a classification was generally adopted by those in charge 
of the administration of the mining laws. It is true that the mineral 
ulexite originates in stratified or bedded deposits, as in the muds laid down 
about the borders of intermittent lakes, and so, being imbedded in more 
or less horizontal deposits of water-distributed sediments, they may 
have seemed in this regard analogous to true placer deposits, such as 
those of gold in stream gravels and sands. There is, however, an essential 
difference, for ulexite is not itself a reworked and water-transported min- 
eral; it is a mineral that has crystallized within the mud in which it is 
now found, into which it was introduced by a process similar to common 
processes of vein mineralization, the constituents of the mineral having 
been derived by chemical reaction of constituents from percolating 
ground solutions. Thus the ulexite deposits that are found in the saline 
playas of the deserts are not placers in a geological sense, and it seems that 
they have not been specifically defined as such by any provision in the 
United States mining laws. Probably it remains for the courts to decide 
whether such deposits have ever properly been classed as placers. 

The Case oj Colemanite 

Colemanite, however, presents an even clearer case than the ulexite 
or cotton-ball deposits, for it is in no sense a placer deposit, nor does 
there seem to be any specific authority in the United States mining law 
for considering it such in a legal sense. Even if this mineral had been 
originally laid down in true bedded form in sedimentary deposits of sand, 
clay, or other material, it would still not be a placer deposit in the geo- 
logical sense, any more than are deposits of coal or phosphate or many 
other normally interbedded stratified deposits. The proper classifica- 
tion of the bedded phosphate deposits of Idaho, Utah, and Wyoming was 
the subject of a long drawn-out legal controversy, and the decision con- 
cerning them would apply equally to the colemanite and ulexite deposits. 
The Department of Interior has decided that the western phosphate 
deposits are subject to location as lodes and not as placers, and this 
decision was reached after mature consideration of the contentions of 
locators having claims in both forms. Perhaps a corresponding official 
decision with regard to borate deposits cannot be satisfactorily reached 
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until an actual case is presented either to the Department of Interior or 
to the courts and the matter is oflBcially reviewed, or until some act of 
Congress similar to that applicable to phosphates shall be passed to 
cover borates. 

The legal aspect of the question is considered here primarily to call 
attention to the fact that colemanite is not, in fact, a detrital sedimentary 
deposit, but is in every sense a lode as defined by the original mining laws, 
because the mineral has been formed by the alteration of another original 
borate mineral, which itself was introduced by chemical or mineralizing 
processes into beds that had first been laid down by sedimentary accumu- 
lation. Colemanite cannot be considered a product of desiccation — that 
is, a residual crystallization obtained by the evaporation of pre-existing 
lake waters — even if that view would afford justification of the conten- 
tion that it occurs in placers. Colemanite is undoubtedly a vein mineral 
of the metasomatic replacement type, and it should never have been 
regarded as other than a lode deposit within the meaning of the 
mining laws. 
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Mechanical Properties of the Aluminum-Copper-Silicon Alloy 
as Sand Cast and as Heat Treated 

By Samuel Daniels* and D. M. Wabneh,! Dayton, Ohio 

(Syracuse Meeting. October, 1925) 

In this paper are given the mechanical properties^ determined by the Engineering 
Division, Air Service, U. S. A., of the 94 per cent, aluminum, 5 per cent, copper, 1 per 
cent, silicon alloy as sand-cast and as heat-treated commercially to Air Service Specifica- 
tion No. 11,300. This particular alloy was tested both in the cast and in the heat-treated 
condition. Tension and tension modulus values were obtained from machined and 
from un-machined test specimens; while data for shear, compression, impact, torsion, 
and for Brinell and Rockwell hardness were found from machined bars. Specific-gravity 
tests were made on sanded, un-machined specimens. The metallography of the alloy is 
useful as a control to heat treatment and presents some interesting peculiarities in 
regard to the two iron^bearing compounds. 

The (iemand for an aluminum alloy, suitable for sand castings, that 
may be heat treated to meet requirements of high strength, ductility, 
shock and corrosion resistance, and ready machineability has led to the 
commercial development of a proprietary material that contains from 
about 4 to 5 per cent, of copper, 1 per cent, of silicon, and such impurities 
as iron, up to a maximum of 0.75 per cent., and manganese, in quantity 
usually less than 0.1 per cent.^ Magnesium is not generally present, 
for it tends to nullify the beneficial influence of the added silicon by form- 
ing magnesium silicide. The function of the silicon is to minimize casting 
diflSculties and, structurally, to favor the precipitation of (insoluble) 
iron-bearing skeletons rather than the needles, which prevent full realiza- 
tion of tensile properties from heat treatment by stimulating intergran- 
ular fracture. The amount of silicon necessary to counteract the ill 
effect of iron is equal to or slightly more than the content of iron; the 
excess of silicon over this ratio, under certain conditions of heat treatment, 
enters with CuAla, the principal hardening constituent, into solid solution 
and contributes somewhat to the strength of the alloy without appreciably 
impairing its ductility. 

The schedule of heat treatment of this alloy depends on the design 
(cross-sections) of the castings and on the nature of the tensile properties 
desired. Essentially, the process consists in heating the material at about 
950° F., quenching in oil or in cold or boiling water, and artificially aging 


♦ Chief, Metals Branch, Material Section, Engineering Division, Air Service, 
t Testing Engineer, Physical Testing Branch, Material Section, Eng. Div., A. S. 
1 See U. S. Patents 1472738 (Oct. 30, 1923) and 1608566 (Sept. 16, 1924). 
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at temperatures of from 212° to 300° F. for approximately 2 hr. The 
soaking period at 950° F. is on the order of 24 hr. or longer; this solution 
treatment is much more protracted than that for chill-cast or worked 
alloys because of the initially larger size of the soluble compounds. 

The importance of the aluminum-copper-silicon alloy and others 
of its type as a material for engineering purposes deserves a prominence 
that is bound to be enhanced as time passes. The cost of heat treatment 
is a considerable factor; but this may be overshadowed by the mechanical 
and physical characteristics as referred to the specific gravity, which is 
about 2.79. Such cast and heat-treated aluminum alloys may, therefore, 
in many cases be competitors of the heavier steels, brasses, and bronzes. 
In aircraft construction, for instance, the former have been used for 
pump and fuel-system parts, brackets, levers, wheels, cylinder blocks, 
crankcases, supercharger casings, and a variety of smaller castings. 

The present paper describes the properties of the 94 Al-5 Cu-1 
Si alloy as obtained by the Material Section, Engineering Division, Air 
Service, U. S. A., at McCook Field, Dayton, Ohio, from commercially 
sand-cast and heat-treated test specimens, gated according to two 
methods — that of the Air Service, and that of a manufacturer. 



Material 

The aluminum-copper-silicon alloy was supplied in the form of 
test specimens in three heats — melts 3552, 3551, and 3686. In order to 
facilitate the stamping of the test bars, these melts were designated as 
C, HT, and Z, respectively, C representing material as sand-cast and HT 
and Z as heat-treated. The test specimens from melts C and HT were 
gated by the manufacturer according to his methods (Fig. 1) , those from 
melt Z according to Air Service methods (Fig. 2). 

VOL. LXXIIT.— 30 . 
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S(woii types 

of standard Air Service tcsst 

specimens were east 

as follows: 



Type 


Number Barh 

Specimen 

Kind of Test 

TO Mold 

TBl 

Tension, not machined 

3 

TBIA 

Tension, machined 

3 

TB4 

Shear, machined 

2 

TB4 

Compression, machined 

2 

TB6 

Impact, machined 

4 

TB7 

Torsion, machined 

2 

TB13 

Tension modulus, not machined 

2 

TB14 

Tension modulus, machined 

2 


The analyses of the three melts follows: 


Melt 

Cop- 

per, 

Designation Per Cent 

Sili- 

con, 

Per Cent. 

Iron, 
Per Cent 

Magne- 

sium, 

Per Cent. 

Mangan- 

ese, 

Per Cent. 

Chrom- 

ium, 

Per Cent. 

3552 

c 

4 90 

0.80 

0.62 

Tr 

0.04 

Nil 

3551 

HT 

4 93 

0 84 

0 62 

Tr 

0 03 

Nil 

3686 

Z 

4 28 

0 74 

0 60 

Tr 

0 02 

Nil 



Fig. 2. — Method of gating used by engineering division (Air Service, U. S. A . j. 

The heat treatment given by the manufacturer is not known. Air 
Service Specification No. 11,300, to which this alloy as heat-treated was 
to conform, contains these requirements (paragraph 10) : 

(а) Chemical Composition . — Any composition containing not less than 90 per cent, 
aluminum will be acceptable provided the manufacturer shall state the composition 
he intends using and the chemical limits he can maintain 

(б) Physical Properties (after heat treatment). — 


Ultimate strength (minimum), pounds per square inch ... 29,000 

Elongation in 2 in. (minimum), per cent 4.5 

Brinell hardness, about 75-95 


(c) Specifiic Gravity . — The specific gravity of this alloy shall not exceed 2.90. 
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Preparation and Mechanical Testing of Specimens 

Tension 

The TBl tension test specimens, three to the mold, were cast to size 
(0.505 in. diameter and 2 in. gage length) and so tested ; whereas the TBl A 
specimens were cast to % in. diameter over the 2 in. gage length and then 
were machined to 0.505 in. diameter before testing, in order to give the 
properties of the material with the skin removed. The cross-sections were 
calculated on the least diameter normal to the parting line in the specimen. 
The test bars were held in V-wedge grips and were pulled in a 20,000-lb. 
Olsen machine. The percentage of elongation in 2 in. was measured with 
dividers to the nearest 0.01 in. 

Shear 

Four shear specimens ^2 in diameter by 2 in. long were machiiK'd 
from each mold of TB4 test specimens, two from the central portion of 
each bar. These shear specimens were inserted for test through 3^^-in. 
holes in three close-fitting shear die plates % in. thick, and so assembled in 
a jig which secured the dies. The jig was then placed in a 50,000-lb. Olsen 
machine, where the load was applied to the middle shear plate, causing 
double shear at points in. apart. The ultimate strength in shear was 
determined by dividing the maximum load, in pounds, by twice the cross- 
sectional area of the specimen in square inches. 

Compression 

The compression specimens, which were 3^^ in. long with ends ^4 in. 
in diameter and center section reduced to % in. diameter over a length 
of 2}/2 in., were also machined from the central portion of TB14 bars ^4 
in. round over the gage length and 13 in. long. To avoid lateral stresses, 
the compression specimens were tested in a rigid jig consisting of a heavy 
base and a strong post with a vertical guide-bearing 5 in. deep, which held 
the 13^-in. diameter plunger, which delivered the load vertically on top of 
the specimen. A 100,000-lb. Olsen machine was used in this test, the 
load being applied in 200-lb. increments. A Berry strain gage, reading 
to 0.0002 in. over a 2-in. gage length, was used to measure the deflection 
corresponding to each load. Although the stress-strain data thus derived 
served for the determination of the proportional limit, they were not 
dependable for the calculation of the compression modulus, because the 
specimens were too short. 

Impact 

The impact specimens were of the standard Charpy, round-notch 
type, machined to 0.394 in. square by 2.160 in. long, with a notch 0.197 in. 
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deep made by drilling to 0.078 in. diameter and milling out with a cutter 
of the same thickness. The net thickness of the specimen at the bottom 
of the groove was found by means of a special adapter measured together 
with the specimen in a micrometer caliper. This adapter is 3-^ in. long and 
consists of a thin steel blade set in a base block perpendicularly to its 
back face and ground to an over-all thickness of 0.500 in. With the blade 
of the adapter in the groove of the specimen, the two are measured 
together. The net thickness of the specimen is this measurement less 
0.500 in., the compensation for the adapter. Three specimens were 
machined from each of four bars in the standard TB6 (impact) mold. 
These bars were in. square by 9 in. long. The Charpy machine had 
anvils 1.575 in. apart and was equipped with a light steel hammer weigh- 
ing 5.20 lb. ; its radius to the center of gravity and the height of drop were, 
respectively, 26.0 and 50.3 in. The angular results were read to the 
nearest 0.5 degree and the energy absorbed was taken to the nearest 
0.05 ft.-lb. 


Torsion 


The torsion specimens were cast two to the TB7 (torsion) mold, 
in. in diameter by 153^^ in. long. These were machined down to 0.62 in. 
diameter over a length of 123-^ in., with in. diameter shoulders. The 
torsion tests were made in an Olsen machine of 3000 in.-lb. capacity, 
operated by hand. The specimens were held in toothed grips. The 
torsion-meter arms, each secured by two opposed points and a rest, were 
attached to the specimen at points spanning a 10-in. gage length. One 
of the arms bore an arc on a 12-in. radius, graduated in hundredths of an 
inch; and the other carried a pointer with a fine indicator point. The 
increments of torque, in inch-pounds, were recorded together with the 
corresponding angular increments of deflection in inches of arc. After 
the proportional limit had been amply exceeded, the instruments were 
removed and the specimens taken to failure The modulus of rigidity and 
the proportional limit were calculated from the stress-strain curve. The 
ultimate strength in shear was found from the maximum torque moment. 


in inch-pounds, St = 


5.093 r Max 
Diam.^ 


formula: G = where 


and the modulus of rigidity from the 


G = modulus of rigidity; 

R = radius of torquemeter arc ; 
L = gage length on specimen; 


T = torque moment, in inch- 
pounds; 

D = Diameter of specimen, in 
inches; 

Z = Angular deflection, in inches, 
on torquemeter arc. 
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Tension Modulus 

4'he tension-modulus specimens were cast two to th(i mold. The 
TB13 bars were cast to size, 0.75 in. in diameter over a 9-in. length, 13 in. 
long with S. A. E. threaded ends, 1 in. diameter. The TB14 modulus 
specimens were % in. in diameter over a 9-in. length, 13 in. long, with 
IJ'^-in. shoulders. These bars, unlike the TB13 type, were tested as 
machined to 0.75 in. in diameter, with S. A. E. threaded ends. All ten- 
sion-modulus specimens were held in a 20,000-lb. capacity Olsen machine 
by means of threaded adapters and self-aligning pulling bolts, 8 in. long. 
The loads were applied manually in increments of 200 lb. per sq. in., in 
accordance with loading tables previously calculated for the cross-sec- 
tion of each individual specimen. For each load the corresponding 
elongation was taken on a Ewing extensometer, whicb measured to 
0.0002 in. over a gage length of 8 in. The proportional limit and modulus 
of elasticity in tension were taken from the stress-strain curve, the propor- 
tional limit as the point of tangency where the curve first changes slope. 
The percentage of elongation was found for 2, 4, and 8 in. 

Hardness 

Both Brinell and llockwell hardness values were obtained on the 
tension, tension-modulus, and impact specimens. In the case of the first 
two types of specimen, the hardness tests were conducted on flats in. 
wide or more) ground on the shoulders. A lO-rnm. ball and a 500-kg. 
load applied for 30 sec. were used in the Brinell test, the impressions being 
read with a micrometer microscope having lateral travel. The Rockwell 
tests were made with a 3 s-in. diameter ball under a 100-kg. load applied 
for 10 sec. 


Specific Gravity 

One specific-gravity specinum (not machined) was taken to represent 
each of melts 3552, 3551, and 3686; the first melt as cast, the latter two as 
heat treated by the manufacturer. These specimens were cylinders ^4 
in. in diameter by 2 in. long, weighing about 30 gm., and were cut from the 
end of TBl tension specimens. They were sanded sufficiently to avoid air 
pockets during the standard test by the displacement method. 

Metallography 

From the grip end of one TBl and one TB14 test specimen from each 
melt, a metallographic section was taken and polished. These were 
examined as unetched and as etched in the nitric acid quench for from 15 



470 MECHANICAL PROPERTIES OF THE ALUMINUM-COPPER-SILICON ALLOY 

to 15 see., in 2 pen- eent. aepn^ous liydroHuorie aeid for 4 s(m\, and in 
acidified ferric chloride for from 10 to 15 sec. Special attention was paid 
to the effect of cross-section on grain size and on the quantity, size, and 
distribution of the hard compounds. The metallography at 1000 diam- 
eters was ascertained with a 2-mm. objective under oil immersion. 

Results 

The data from the mechanical tests are embodied in Tables 1, 2, 
and 3. In these tables, the minimum and maximum values encountered 



Fig. 3. — Modulus of elasticity op Al-Cu-Si alloy as cast (TB13) test 
specimens: melt 3551 (HT38A) heat treated, melt 3686 (Z22B) heat treated, 
MELT 3532 (C39A) as cast. Modulus of elasticity: HT38A, 10,000,000; Z22B, 
9,800,000; C39A, 10,600,000. Proportional limits: HT38A, 10,000; Z22B, 9000; 
C39A, 4800. Ultimate strength, lb. per sq. in.: HT38A, 31,600; Z22B, 24,500; 
C39A, 20,330. 

are indicated together with the average of all specimens. Typical 
modulus curves, in tension, compression, and in torsion, for the material 
as cast and as heat treated are shown in Figs. 3 to 5, inclusive. 

Metallographs, Figs. 6 to 9, inclusive, are unetched structures unless 
otherwise stated. 
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Discussion of Results 
Mechanical Testing 

All the mechanical properties of the alloy as sand-cast were consider- 
ably improved by heat treatment, with the exception of the 
modulus values. On the whole, the range in properties for a given type 
and treatment of specimen was narrow. Comparison of the properties of 
machined and unmachined bars of the same diameter in the pure tension 
(TBl and TBIA) specimens shows that the machined specimens were 
always inferior in strength, and generally in ductility, whether the speci- 



Fig. 4. — Modujats of elasticity of Al-Cu-Si alloy, machined (TB14) test 
SFECIMENS: MELT 3551 (HT48B) HEAT TREATED, MELT 3686 (Z25A) HEAT TREATED, 
MELT 3552 (C49A) as cast. Modulus of elasticity: nT48B, 9,800,000; Z25A, 
9,000,000; C49A, 10,000,000. Proportional limits, HT48B, 10,500; Z25A, 6500; 
C49A, 5000. Ultimate strength, lb. per sq. in., HT48B, 26,900; Z25A, 20,960; 
C49A, 18,200. 


mens were in the cast or in the heat-treated condition. In the 
tension-modulus (TB13) and (TB14) specimens, the machined were 
uniformly inferior in both strength and ductility, regardless of the 
condition of the alloy; but in the matter of proportional limit the 
superiority of the unmachined was not marked, except in one case (melt 
3686). The tensile properties of the specimens of the smaller cross-sec- 
tions were superior to those of bars of larger diameter. The ultimate 
strength in double shear was equivalent to that in tension, with machined 
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specimens the basis of comparison; and the strength and proportional 
limit in compression exceeded the corresponding properties in tension. 
The impact resistance of the alloy was at least doubled by heat treatment ; 
and the impact value for the heat-treated alloy lower in copper content 
(melt 3686) was higher and appreciably different than when the per- 
centage of copper was greater (melt 3551). The ultimate strength in 
torsion was practically the same as that (for similar bars) in tension when 



Fig. 5. — Modulus of rigidity of Al-Cu-Si alloy, machined (TB7j test 
specimens: melt 3551 (HT35B) heat treated, melt 3686 (Z20B) heat treated, 
MELT 3552 (C35B) as cast. Modulus of rigidity: HT35B, 4,560,000; Z20B, 
4,910,000; C35B, 4,840,000. Proportional limits: HT35B, 6570; Z20B, 2880; 
C35B, 3350. Ultimate strength, lb. per sq. in. HT35B, 28,060; Z20B; 22,110; 
C35B; 19,390. 

the specimens were in like condition. The proportional limits were, 
however, lower. The Brinell hardness of the cast alloy varied with the 
diameter of the specimen tested and ranged from 55 to 65; while that of 
the heat-treated alloy varied in the same fashion and from 68 to 84. 

Unfortunately, no absolute valid comparison can be made concerning 
the effect of the method of gating on the mechanical properties 
resulting from this heat-treated material, because there is a variation 
between melts 3551 and 3686 of nearly 0.7 per cent, in copper content. 
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It would be predicted that for the same treatment and similar 
chemical composition otherwise, melt 3686, with 4.28 per cent, of copper, 
would attain lower strength and higher ductility than melt 3551, with 
4.93 per cent, of copper. This is what actually obtained in the 
TBl specimens. 

It so happens, however, that the passable, but not high strength and 
ductility of the TBl specimens from melt 3551, gated according to the 
method of the manufacturer, have been equalled or bettered by TBl 
specimens cast as a remelt of bars from melt 3551, gated according to the 
Air Service method, and heat treated. The significance of this fact is 
that the two methods of gating and of heat treatment are in the main 
nearly equivalent. From this, it follows that the slightly inferior tensile 



Fig. (). — Melt 3552 as sand cast; 21,450-2.2-63; CuAl2, Si, and iron-be\king 
NEEDLES and SKELETONS. X 100. 

properties of test specimens from melt 3686 (4.28 per cent, of copper), 
gated according to Air Service methods and treated by the manufacturer, 
may be taken to represent the low end of the range in properties that may 
be expected for the allowable commercial limits in chemical composition 
and from variations in heat treatment. The values from melt 3551 are 
not to be regarded as more than average ; and for the high end of the range 
in commercially obtainable tensile properties, it may be assumed that 
35,000 - 8.0 - 70 (ultimate strength — elongation - Brinell) is aver- 
age for TBl test specimens heat treated with castings. 

Metallography 

The structures of melts 3552, 3551, and 3686, shown in Figs. 6 to 9, 
inclusive, are illustrative of the effect of chemical composition and of 
heat treatment. Those of the TB14 test specimens, of large cross-sec- 
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tion, were the same as those of the TBl bars. The rates of cooling were 
evidently equivalent. 

As cast, melt 3552 contained CuAU in triangular and, to less extent, 
in filigreed areas, often associated with iron-bearing needles and rounded 





/ 


/■ 


Fig. 7. — Melt 3551, as heat treated; FeCls reagent, 10 sec.; 32,520-4.8-74; 

ROUNDED CuALs, SOME Si, AND IRON-BEARING CONSTITUENTS. XI 00. 


particles of silicon (Fig. 6). The iron-bearing needles were abundant, 
more so than the skeletons. Small elliptical groupings w^re also present 
(Fig. 6); these were composed of CuAl^, FeAl.^, and X particles. 



Fig. 8. — Melt 3686, as heat treated; FeCls reagent, 10 sec.; 29,530-5.6-74; 

NOTE ABUNDANCE OF SKELETONS AND ABSENCE OF NEEDLES, AS COMPARED TO FiG. 8. 

XIOO. 


Heat treatment caused the disappearance of CUAI 2 except in segregated 
areas, melt 3686, despite its lower copper content, containing consider- 
ably more of this compound undissolved than melt 3551, Both melts 
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Iiiul 80111(3 undissolved silicon. Though the iron and silicon contents of 
the two were similar (0.8 and 0.6 per cent., respectively) iron-bearing 
skeletons and (wcdl-defined) needles were found in melt 3551 (Fig. 7), 
but skeletons only (Fig. 8) in melt 3686. These skeletons were nearly all 
duplex, as shown in Fig. 9, consisting apparently of FeAU (purple) and of 
X (watery blue gray). The former constituent, FeAb, evidently was 
precipitated first. In many cases it looked doubtful whether X was a 
secondary product from the reaction of FeAla with liquid, as is claimed by 
British investigators, ^ rather than a primary separation. 



Fig. 9. — Mei.t 3081) (Z4B), as heattkeated; nitric- acid quench, 45 sec.; skeleton 

AT HIGH MAGNIFICATION SHOWING FeALs DARK AND A" LIGHT. X 1 00. 

In melt 3686, there was a considerably larger quantity of compounds 
than obtained in molt 3551. Inasmuch as by far the greater proportion of 
these hard constituents was of FeAla and of X, which are ordi- 
narily regarded as of minor solubility, their presence cannot be assigned 
to abnormalities in heat treatment and hardly to chemical composition, 
because melt 3686, with lower totality of copper, iron, and silicon, had a 
more abundant precipitate than melt 3551. The condition is more 
appropriately linked with alloying, melting practice, and rate of cooling. 
It seems likely, too, that this rather large residuum of compounds after 
heat treatment can have no beneficial effect on the mechanical properties 
of the material. 

* Inst. Mechanical Engineers, Eleventh Report to the Alloys Research Committee 
(1921), 214. 
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Table 1. — Average Mechanical Properties of Aluminum-Copper-SiUcon 
Alloy {Melt 3552) as Sand Cast 


{Gated according to methods of manufacturer) 
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Table 2. — Average Mechanical Properties of Aluminum-Copper-Silicon 
Alloy (Melt 3551) as Heat Treated 


[Gated according to methods of manufacturer) 
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Table 3 . — Average Mechanical Properties of Alurnimmi-Copper-Silicon 
Alloy (Melt 3686) as Heat Treated 


{Gated according to Air-Service methods) 
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Effect of Reheating on the Al-Cu-Ni-Mg and the 
Al-Cu-Fe-Mg (Piston) Alloys 

By Samuel Daniels,* Dayton, Ohio 


(New York Meeting, February, 1920 

The Al-Cii-Ni-Mg dloy is much benefited by heat treatment and, in such con- 
dition, is preferable to the Al-Cu-Fe-Mg alloy either as cast or as heat-treated, when 
both are reheated to temperatures of from 400° to 600° F. and compared, cold, with 
respect to strength and to hardness. The main differences between the alloys do not 
arise until the reheating temperature exceeds 400° F., above which they gradually 
soften. This softening is characterized rnetallographically by the appearance of 
intragranular precipitate. The Al-Cu-Ni-Mg alloy is weakest and lesist hard after 
being reheated at 600° F., the Al-Cu-Fe-Mg alloy at about 700° F. The former starts 
to reharden at 700° F., the latter at 800° F. There is a tendency for both alloys to lose 
strength and hardness with prolongation of time at the reheating temperatures of 500° 
and of 700° F. The Al-Cu-Ni-Mg alloy is considerably stronger and harder than the 
Al-(hi-Fe-Mg alloy when both are heat-treated and reheated for long periods of time 
at 500° and 700° F. Although the latter can be made harder initially than the 
Al-Cu-Ni-Mg alloy by suitable quenching and aging, heat treatment, in general, favors 
the retention of this initial (strength and) hardness after reheating to a much greater 
degree in the Al-Cu-Ni-Mg alloy. The percentage of elongation of the two materials 
in any condition is very small. 


Certain aluminum alloys have been used for pistons and other parts 
operating at temperatures up to 650° F. because of their lightness, high 
thermal conductivity and specific heat, fair strength and hardness at 
elevated temperatures, excellent machineability, and moderate resistance 
to corrosion. In the piston, the inertia forces and the bearing loading, 
and with this the vibration, are decreased. The piston head functions 
at a lower temperature (about 200° F. below one of cast iron), so that, 
because of the lessened tendency toward carbonization and detonation, 
higher compression ratios may be used. On the other hand, the alumi- 
num alloys do not have the wearing and bearing qualities of cast iron; 
also they have a large coefficient of expansion, allowance for which must 
be made in the design. 

The range in analyses of aluminum alloys, used for pistons in domestic 
and in foreign internal-combustion engines is shown in Table 1. There 
seem to be three general types of composition; one containing about 10 


* Chief, Metals Branch, Material Section, Engineering Division Air Service, 
U. S. A. 
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per cent, of copper, from 0.5 to 1.4 per cent, of iron, from 0.2 to 0.6 
per cent, of silicon, from nil to 0.35 per cent, of magnesium, and possibly 
with as much as 2.0 per cent, of zinc; one having from 7 to 8.5 per cent, of 
copper, with the ordinary impurities, and with or without a small quan- 
tity of tin and zinc; and one containing 4 per cent, copper, 2 per cent, 
nickel, 1.5 per cent, magnesium (Magnalite or alloy) type,^ of which 
analysis there are several variations. 


Table 1. — Chemical Composition of Aluminum-Base Piston Alloys 


Engine or Source 

Cop- 

per, 

Per 

Cent. 

Iron, 

Per 

Cent. 

Silicon, 

Per 

Cent. 

Magne- 

sium, 

Per 

Cent. 

Manga- 

nese, 

Per 

Cent. 

Zinc, 

Per 

Cent. 

Tin, 

Per 

Cent 

Nickel, 

Per 

Cent 

Motor A (Am. auto.) 

9 93 

1 24 

0.24 

0 30 





Source A (Am. auto ) 

10 0 

1 25 

0 3 






Motor B (Am. auto.) 

10.0 

0 5 

0.3 

0 25 





Source B (Am auto and aero ) . . 

10 0 

0.5 

0 3 






Magnalite (Am. auto ). . . 

4 0 

0 5 

0 4 

1 5 




1 5 

Liberty 12 (Am. aero ) 

10 0 

1.25 

0 4 

0 25 




2 25 

Air-cooled Liberty 12 (Am aero). 

4 0 i 

0 5 i 

0 3 

1 5 


j 


2 0 

Siddeley Puma (Br aero ) . . 

11 60 

0 76 

0 26 

Tr. 1 

Nil 

Nil 

Nil 

Nil 

Rolls-Royce (Br aero ) . . i 

G 88 

0.68 

0 36 

Tr 

Nil 

Nil 

Nil 

Nil 

Napier Lion (Br. aero ) 

6 90 

0 38 

0 21 

Tr ; 

Nil 

2 40 

0 88 

Nil 

Hispano-Suiza (Fr aero) 

11 20' 

0 50 

0 38 

Tr. 

Nil 

0 67 

Nil 

Nil 

BMW (Ger aero ) .... 

10 42 

1.22 

1 

0 59 

1 

0 11 

Nil 

1 2 00 

Nil 

Nil 


These constituents have their peculiar effects on the alloy. Copper, 
which increases the strength and hardness at elevated temperature, is 
generally the predominating constituent alloyed with aluminum. Iron, 
nickel, managanese, and, in some cases, magnesium, intensify the effects 
conferred by the copper. In the 85 per cent, aluminum, 14 per cent, 
copper, 1 per cent, manganese piston alloy developed in England, the 
addition of the manganese causes a loss in thermal conductivity, which 
is restored by annealing. Zinc, however, decreases the hot strength 
and hardness substantially even at comparatively low temperature, and 
its presence therefore is not ordinarily desirable. This element often 
creeps in from the remelting of secondary material. Small amounts of 
tin are reported to improve both the soundness and the machineability. 
Foreign piston alloys during the war were far more variant in composi- 
tion than those used in this country, a condition largely imposed by force 
of circumstance. 


1 Institute Mechanical Engineers, Eleventh Report to the Alloys Research Com- 
mittee (1921). Rosenhain, Archbutt, and Wells: The Production and Heat-treat- 
ment of Chill Castings in an Aluminium Alloy (“ Y''). Jnl. Inst. Metal (1923) 29 , 191. 

Lyon and Daniels: Notes on a Sand-cast Aluminum-Copper-Nickel-Magnesium 
Alloy. JnU S. A. E. (1924) 14, 173. 
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Purpose of Investigation 

The present experimentation was conducted by the Material Section, 
Engineering Division, Air Service, U. S. Army, at McCook Field, Dayton, 
Ohio, and designed as preliminary research to compare the characteristics 
of the 92.5 per cent, aluminum, 4 per cent, copper, 2 per cent, nickel, 
1.5 per cent, magnesium alloy with those of the 88.5 per cent, aluminum, 
10 per cent, copper, 1.25 per cent, iron, 0.25 per cent, magnesium alloy. 
This paper deals with these piston materials when tested at room tem- 
perature after having been reheated both in the sand-cast and in the 
quenched and artificially aged condition to various temperatures and for 
different periods of time up to 50 hr. The following data do not include 
the mechanical properties of these alloys at elevated temperatures, which 
is the subject of a second investigation. 


Table 2. — Chemical Composition of Raw Materials and of Piston 

Alloys 




i Where 

Cop- 

Nickel. 

Iron. 

Magne- 

Silicon, 

Aluminum, 

Per Cent. 

Metal 

1 

Melt 

Used. 

Melt 

k:- 

Cent. 

Per 

Cent. 

Per 

Cent. 

slum. 

Per 

Cent. 

Per 

Cent. 


Raw Materiab 


Aluminum ingot 

3240 

3427 

0 02 


0.52 


0.54 

Balance 

Aluminum ingot 

3281 

3639 

0.24 


0.40 


0.37 

Balance 

Aluminum ingot 

3709 

3786 

0.12 


0.46 


0.17 

Balance 

Al-Cu 

8280 

3427 

49,78 


0.38 


0 24 

Balance 

Al-Cu-Ni 

8345 

3639 

28.70 

14.36 

0 62 


0.26 

Balance 

Al-Cu-Ni 

3742 

3786 

28.98 

14.40 




Al-Fe-Si-balance 

Al-Cu-Fe . 

3095 

3427 

25.11 


13 83 



Al-Fe-Si balance 

Mg Slab 

2013 

3427 




95.5+ 


0 05 

Mg Stick 

3387 

3639 A 



0 02 

99.72 

0.20 

0 05 



3787 








Piston Alloy Ingot 


Al-Cu-Ni-Mg 

3639 


4.48 2.10 

0 72 

1.47 

0 30 

Balance 

Al-Cu-Ni-Mg 

3786 


4.13 1.79 

0.58 

1.38 

0 24 

Balance 

Al-Cu-Fe-Mg 

3427 


9,06 

1.38 

0.28 

0.40 

Balance 


Material 

The two alloys, 92.5 per cent. AJ, 4 per cent. Cu, 2 per cent. Ni, 1.5 
per cent. Mg, and 88.5 per cent. Al, 10 per cent. Cu, 1.25 per cent. Fe, 
0.25 per cent. Mg, were made from raw materials of high purity. The 
aluminum ingot conformed fairly closely to the requirements of Air 
Service Specification 11,010-B, Grade A (99.0 per cent, aluminum, mini- 
mum). The hardeners were made from commercial materials of highest 
purity and by approved methods. The Al-Cu-Ni hardener was so pro- 
portioned that the ratio of Cu to Ni was 2:1, as in the Al-Cu-Ni-Mg 
alloys itself, which assists in making up the charge. It would have been 

you izxm.--31. 



482 


EFFECT OF BBHEATING ALUMINUM ALLOYS 


possible to deal similarly with the Al-Cu-Fe hardener, but the ratio used 
enables another Air Service alloy to be made conveniently, so the one 
hardener serves a double purpose. 

The alloys themselves were prepared in 300-lb. batches, the hardeners 
being melted down with the aluminum ingot. The metallic magnesium 
was added to the molten bath just before the pouring. The Al-Cu-Ni- 
Mg alloy was mixed in two lots, melts 3639 and 3786; while the Al- 
Cu-Fe-Mg alloy came in entirely from melt 3427. The analyses of the 
raw materials and the piston-alloy ingot are given in Table 2. 

Air Service TBl tension specimens, cast to size (0.505 in. in diameter 
over a 2-in. gage length) and three to the mold (Fig. 1) were the standard 


i 

1 


1 




1 ' . 


i 

1 

H 



Fig. 1. — Standard air service TB-1 mold of tension-test specimens. 


for test. The properties of the alloys in such test bars, sand-cast from 
1300° F., are as follows: 


Alloy 

Melt 

No. 

Ultimate 
Strength, 
Lb per 
Sq In. 

Elonga- 
tion in 2 
In., Per 
Cent. 

Brinell 
500 Kg. 

Tested 

after 

Casting, 

Days 

Al-Cu-Ni-Mg 

3639 

27,130 

0.5 

77 

1 


3786 

25,610 

1.0 

74 

2 

Al-Cu-Fe-Mg 

3427 

25,210 

1.0 

80 

5 


3874 

23,860 

1.0 

84 

7 


The fractures of the two alloys in any condition were distinguishable 
from one another. That of the Al-Cu-Ni-Mg alloy had a decidedly blue 
tinge and generally contained enough smooth crystal faces to give the 
surface a snow-flaked^^ appearance. The fracture of the Al-Cu-Fe-Mg 
alloy was light gray, crystalline, and splintery. 
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Procedure 

Foundry 

Fifty molds of TBl tension test specimens were sand-cast in the Al-Cu- 
Ni-Mg alloy in four lots: Molds 121 to 136, inclusive, as melt 3653; 
molds 137, 138, 139 and 40 as melt 3649 — both melts being poured from 
melt 3639 ingot and gates from its remelting, in equal proportions; 
molds 1 to 15, inclusive, as melt 3866; and molds 16 to 30, inclusive, as 
melt 3867 — both melts having a charge of equal parts of ingot from melt 
3786 and of gates from its remelting. 

Fifty molds were also sand-cast in the Al-Cu-Fe-Mg alloy, in five lots: 
molds 121 to 137, inclusive, as melt 3605; molds 138,139 and 40, as melt 
3606; and molds 1 to 12 inclusive, as melt 3873; molds 13 to 23, inclusive, 
as melt 3874; and molds 24 to 30, inclusive, as melt 3901. In charging 
these melts, equal parts of ingot from melt 3427 and of gates from its 
remelting were used. 

The metal was melted in a plumbago crucible in an oil-fired furnace. 
From 30 to 45 min. were consumed in the melting operation, during which 
time the maximum furnace temperature was below 1350° F. in all 
cases except one (1400° F.). The pouring temperature was uniformly 
1300° F. The molding sand was a coarse grade of Sandusky. 

To facilitate the stamping of the test specimens, those in the Al-Cu-Ni- 
Mg alloy were stamped and those in the Al-Cu-Fe-Mg alloy 
they were further identified by the proper mold and test specimen 
(A. B. C) number. 


Chemical Analysis 

The chemical composition was determined for the original ingot only. 

Heat Treatment 

The schedule of heat treatment is given as part of Tables 3 to 6 and was 
so planned that there would be ascertained for each alloy, both as sand-cast 
and as heat-treated, the effect of subsequent reheating at temperatures 
from 300° to 800° F. for 25 hr., and air-cooling (Table 3). A further 
purpose was to learn the effect of time at the reheating temperature 
of 500° and 700° F. when the alloys were initially in the sand-cast and in 
the heat-treated condition (Table 5). Long periods of soaking at 
elevated temperatures approximate conditions as they exist in the 
engine. Several other miscellaneous heat treatments were conducted 
in order to compare the equivalence of artificial aging processes (Table 6) . 

All tension specimens were placed on plates and were heated for 
quenching in an automatically controlled electric furnace, which could be 
held to within ± 10° F. The Al-Cu-Ni-Mg alloy was soaked at 950° F. 
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for 5 hr., and the Al-Cu-Fe-Mg alloy at 925® F. for 5 hr., before 
being quenched into boiling water. They were both then aged at 
212® F. in an automatically controlled electric oven. This procedure 
comprised the heat-treatment proper, which is denoted as in the 

various tables. 

In this heat-treated (HT) and in the sand-cast (C) condition, the alloys 
were reheated, as outlined, in automatically controlled electric ovens 
and air-cooled after having been soaked at the required temperature for 
the desired length of time. 

The specimens that were reheated in the sand-cast condition were not 
so reheated for from 2 to 7 months after having been cast, so this period of 
aging at room temperature elapsed before thermal treatment. The 
effect of this normal aging between the date of casting and that of 
reheating and between the date of casting and that of heat treatment 
(HT) proper will be considered later. 

Mechanical Testing 

After the completion of reheating and air-cooling, the specimens were 
allowed to rest at room temperature from 1 to 4 wk. before tensile and 
hardness testing. In the case of the results enumerated in Table 6, 
for instance, this period of normal aging before test (and after reheating) 
for molds 8, 9, 10, 11, 23, 24, 25, and 26 was 28 days; and for molds 
12, 13, 14, 15, 28, 29, and 30 it was 15 days; molds 139 and 
“ F were aged for 4 days before test. 

A 20,000-lb. Olsen machine was used for the tension tests. The per- 
centage of elongation was obtained by fitting the pieces of the ruptured 
test specimen closely together and by measuring with dividers to the 
nearest 0.01 in. the extension in 2 in. of gage length. 

One Brinell hardness and two Rockwell hardness tests were made on 
the flatted smoothly ground surface of one-half of each broken test bar 
in each mold and on each of the individual hardness specimens. The 
Brinell test was made with a 10-mm. ball under a 500-kg. load, applied 
for 30 sec. and the RockweU test with a J'^-in. ball under a 100-kg. load 
and readings on the ‘^B” scale. The hardness tests were made within 
24 hr. after the tension tests. 

All results recorded in Tables 3, 5, and 6 are the average of three or 
more specimens, as indicated, to the given condition. Where more 
than one mold (of three specimens) is shown for a particular treatment, it 
signifies that the additional molds were treated on separate occasions, 
but in like manner. When the fracture of broken specimens contained 
abnormal amounts of dross, the tensile properties were not included in 
the averages. The data in Table 4 concern only two Brinell tests made 
upon the same test bm- at an interval of % in., the lapse of time between 
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tests being 9 months. Specific gravity tests were made by the displace- 
ment method on the belt-sanded grip ends of broken tension specimens. 

Metallography 

A J^-in. section was cut from the riser end of the middle B bar of such 
molds as seemed likely, judging from the tensile properties, to be of 
interest metallographically. Sections from 40N and F, 20N and F, 
22N and F, 23N and F, 26N and F, 30N and F, 124N and F, 125N and 
F, 5N and F, 7N and F, 8N and F, and IIN and F were polished and 
examined both as unetched and as etched in the nitric acid quench for 4 
and 30 sec.* and in 1 and 2 per cent, aqueous hydrofluoric acid solutions 
for 5 sec. The nitric acid reagent turns the CuAb brown in 4 sec. and 
sometimes delineates the FeAla and X (iron-bearing) constituents in 30 
sec. It hardly affects the compound Mg 2 Si. The hydrofluoric acid 
etchant reveals latent scratches, brings out the cored and grain 
structures, and tends to pit the matrix on long immersions. It stains 
NiAla brown or black and restores, at least in part, the blue color of tar- 
nished (black) Mg 2 Si. Otherwise, the reagent has the effect of lessening 
the color contrast between CuAU and T (the ternary compound of 
aluminum, copper, and nickel)* and of heightening the purple color of 
the skeletons of FeAls. It is not as desirable for photographic work as 
the nitric-acid quench. When a specimen, first etched in the hydro- 
fluoric-acid solution, is subsequently etched in the nitric-acid quench, 
the dark stain is removed from NiAls and the CuAl 2 is browned. The 
skeletons of the iron-bearing constituent are stained also. Neither of 
these reagents alone, with short immersions, affects the T constituent. 
The Al-Si eutectic was not found in any of the specimens. 

The colors and characteristic forms of these constituents unetched 
and examined under tungsten daylo (blue) light are: 


Compound Color Form 

CuAlj Pinkish-white Triangles or filigree 

FeAU Purple Needles or skeletons 

X Watery-gray Needles or skeletons 

Mg 2 Si Blue Needles, hexagons, or skeletons 

NiAl* Smoky-gray Needles or skeletons 

T(Cu 2 NiAl 6 ) Blue-gray Triangular areas or skeletons. 


It is exceedingly difficult to distinguish between FeAU and T and 
between X and NiAU when unetched. The accompanying photomicro- 
graphs are of unetched structures unless otherwise stated. 

* E. H. Dix, Jr. : Observations on the Occurrence of Iron and Silicon in Aluminum. 
Trana. (1923) 69, 966. 

* Bingham and Houghton : The Constitution of Some Alloys of Aluminium with 
Copper and Nickel. JnL Inst. Metals (1923)29, 71. 
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Table 3. -Effect of Reheating Temperatures on Both Cast and the 
Quenched and Aged* Piston Alloys 


Mold 

Number 

Num- 

ber 

of 

Speci- 

mens 

Condition 

Al-Cu-Ni-Mg Alloy 

Al-Cu-Fe-Mg Alloy 

Ultimate 
Strength, Lb. 
per Sq. In. 

Elongation, Per 
Cent, in 2 In. 

Brinell 

Hardness 

Rockwell 

Hardness 

Ultimate 

Strength, 

Lb. per In. 

Elongation, Per 
Cent, in 2 In. 

Brinell 

Hardness 

Rockwell 

Hardness 

40 

3 

As Cast (C) 

28,410 

0 5 

96 

84 

27,330 

0.5 

98 

84 

17,136 

6 

C 300-25At 

28,260 

0.5 

94 

92 

25,880 

0.6 

100 

92 

18,135,137. . . . 

9 

C 400-25A 

28,090 

0.6 

89 

90 

26,170 

0.5 

96 

92 

19,132 

6 

C 500-25A 

25,160 

0.5 

76 

82 

24,460 

0.8 

78 

82 

20,133 

6 

C 600-25A 

21,180 

1.4 

58 

64 

22,720 

1.2 

66 

69 

21,134 

6 j 

C 700-25A 

22,980 i 

1.0 

71 

72 

20,940 

1.6 

58 

63 

22 

3 

C 800-25A 

26,860 

1.0 

82 

82 

25,980 

1.2 

71 

77 

124 

3 

As Heat Treated (HT) 

35,460 

1.0 

101 

95 

36,120 

0.7 

99 

94 

2,126 

6 

HT 300-25 A 

38,910 

0.6 

102 

94 

36,770 

0 6 

114 

98 

3,130,138... 

9 

HT 400-25A 

34,610 

0.6 

105 

95 i 

34,710 

0 5 

107 

95 

4,131 

6 

HT 500-25A 

29,810 

0.5 

83 

82 

25,300 

0 8 

76 

80 

5,127 

6 

HT 600-25A 

24,260 

1 5 

62 

64 

20,820 

1 4 

58 

62 

6,128 

6 

HT 700-25A 

26,550 

1.4 

74 1 

76 

20,900 

1.6 

61 

64 

7 

3 

HT 800-25A 

28,630 

1.0 

84 

86 

25,620 

1.2 

76 

82 


* Al-Cu-Ni-Mg alloy heat treatment (HT) *» 950-5BW 16. Heated at 950® F. for 5 hr., quenched 
into boiling water, and aged at 212® F. for 16 hr. Al-Cu-Fe-Mg alloy heat treatment (HT) « 925-5BW 
16. 

t Cast, then reheated at 300® F. for 25 hr. and air cooled. 


Table 4. — Effect of Aging at Room Temperature on Stability of Brinell 
Hardness Impressed by Reheating at Various Temperatures for 25 Hr, 

and Air Cooling 


Condition of Specimen 

1 Al-Cu-Ni-Mg Alloy 

Al-Cu-Fe-Mg Alloy 

Test 

Specimen 

Number 

First 

Brinell 

Hardness 

Brinell 
Hardness 
after 9 Mo 

Test 

Specimen 

Number 

First 

Brinell 

Hardness 

Brinell 
Hardness 
after 9 Mo. 

C 300-25 A 

136C 

97 

94 

136B 

100 

101 

C 400-25A 

ISA 1 

85 

87 

18A 

95 

88 

C 600-25 A 

19B i 

74 

73 

19B 

79 

79 

C 600-25 A 

20A 

58 

58 

20B 

65 

65 

C 700-25 A 

21A 

68 

68 

21A 

57 

59 

C 800-25A 

22C 

80 

77 

Missing 



HT 300-25 A 

2A 

101 

97 

2B 

114 

112 

HT 400-26A 

3A 

104 

101 

3A 

109 

98 

HT 600.25A 

4A 

84 

80 

4A 

76 

77 

HT 600-26A 

5A 

61 

59 

5C 

57 

55 

HT 700-25A 

6A 

74 

71 

128A 

59 

59 

HT 800-26 A 

7B 

85 

84 

7A 

74 

81 
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Table 5. — Effect of Time at Reheating Temperature on Both Cast and 


Quenched and Aged Piston* Alloys 



Num- 

ber 

of 

Speci- 

mens 


Al-Cu-Ni-Mg Alloy 


Al-Cu-Fe-Mg Alloy 


Mold 

Number 

Condition 

Ultimate 
Strength, 
Lb. per 
Sq. In. 

Elon- 
gation, 
Per 
Cent, 
in 2 In 

Bri- 

neU 

Hard- 

ness 

Rock- 

well 

Hard- 

ness 

Ultimate 
Strength, 
Lb. per 
Sq. in. 

Elon- 
gation, 
Per 
Cent, 
in 2 In. 

Bri- 

neU 

Hard- 

ness 

Rock- 

well 

Hard- 

ness 

23 

3 

C 500-lA 

29,550 

0.5 

82 

85 

26,870 

0.6 

88 

87 

24 

3 

C 500-5A 

26,240 

0.5 

78 

74 

26,940 

0.5 

85 

82 

25 

3 

C 500-15A 

26,200 

0.6 

76 

72 

25,480 

0.7 

81 

79 

26 

3 

C 500-50A 

25,270 

0.6 

70 

74 

25,130 

0.7 

77 

79 

27 

3 

C 700-lA 

23,760 

1.0 

63 

68 

23,780 

1.0 

68 

69 

28 

3 

C700-5A 

22,220 

1.1 

62 

61 

22,520 

1.2 

60 

57 

29 

3 

C 700-15A 

21,230 

1.2 

63 

65 

21,100 

1.2 

56 

60 

30 

3 

C 700-50A 

21,850 

1.8 

60 

61 

19,700 

1.0 

55 

57 

8,139 

6 

HT 500-lA 

33,210 

0 5 1 

100 1 

1 92 

34,800 

0 5 

99 

93 

9 

3 

HT 500-5A 

35,920 

0 5 

92 ! 

90 

! 28,690 

0.5 

89 

94 

10 

3 

HT 500-15A 

31,590 

0 5 

88 

84 

25,430 

0.5 

77 

77 

11 

3 

HT 500-50A 

28,770 

0.5 

79 

80 

23,350 

0.5 

71 

73 

12 

3 

HT 700-lA 

27,720 

1 0 

66 

65 

22,100 

0 9 

61 

65 

13 

3 

HT 700-5A 

27,520 

1.5 

70 

69 

20,730 

1 2 

56 

57 

14 

3 

HT 700-15A 

26,450 

1.3 

69 

73 

19,070 

1.2 

55 

58 

15 

1 

3 

HT 700-50A 

25,410 

1.7 

70 

69 

20,460 

1.6 

54 

66 


* Al-Cu-Ni-Mg alloy heat treatment (HT) “ 950 — 5BW 16. Al-Cu-Fe-Mg alloy heat treatment 
(HT) = 925-5BW 16. 


Table 6. — Effect of Miscellaneous Heat Treatments on Piston Alloys 


Mold 

Num- 

bers* 

Condition 

Al-Cu-Ni-Mg Alloy 

Al-Cu-Fe-Mg Alloy 

Ultimate 
Strength, 
Lb. per 
Sq. In. 

Elon- 
gation, 
Per 
Cent 
in 2 In 

Bri- 

nell 

Hard- 

ness 

Rock- 

well 

Hard- 

ness 

Ultimate 
Strength, 
Lb. per 
Sq. In. 

Elon- 
gation, 
Per 
Cent, 
in 2 In. 

Bri- 

nell 

Hard- 

ness 

Rock- 

well 

Hard 

ness- 

121 

HTt BW 

33,660 

1 0 

98 

92 

34,280 

1.0 

94 

90 

122 

HT-BW2 

34,440 

1.0 

98 

93 

33,140 

1.0 

98 

91 

123 

HT-BW 300-2 

33,070 

1.0 

94 

94 

34,050 

1.0 

95 

91 

124 

HT-BW 16 

35,460 

1.0 

! 101 

95 

36,120 

0.7 

99 

94 

125 

HT-BW 300-16 

36,480 

0.5 

1 101 

93 

35,210 

0 5 

117 

99 

126 

HT-BW16-300-25A 

38,810 

0.5 

107 

96 

37,570 

0.5 

120 

99 

129 

HT-BW300-16-300-25A 

37,910 

0,6 

115 

98 

39,410 

0.6 

119 

98 


* Each mold contains three specimens. 

t HT » Held at 950° F. for 5 hr. in the case of the Al-Cu-Ni-Mg alloy, and at 925° F. for 6 hr. in the 
case of the Al-Cu-Fe-Mg alloy. 


Results 

The data in Tables 3 and 5 are plotted in Figs. 2 to 7; and the metallo- 
graphy of the two alloys is portrayed in Figs. 8 to 24. 


Mechanical Properties of Alloys as Cast 

The average propierties of the two sand-cast-alloys as new melts and 
remelts tested as standard TBI tension bars within one week after casting 
are as follows: 
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Alloy 

Number 
of Melts 

Number 
of Speci- 
mens 

Ultimate 
Strength, 
Lb. i>er 
Sq. In. 

Elonn- 
tion, Per 
Cent, in 

2 In. 

Brinell 

Hardness 

Al-Cu-Ni-Mg 

22 

66 

25,190 

25,430 

0.7 

75 

Al-Cu-Fe-Mg 

10 

45 

1.0 

80 



The properties of the materials used for this investigation and tested 
under the same conditions correspond closely to these figures. The 
Al-Cu-Fe-Mg alloy is similar to the Al-Cu-Ni-Mg alloy in strength and 
in ductility but is somewhat harder; also the Al-Cu-Fe-Mg alloy, though 
having a range of about 2000 lb. per sq. in. in ultimate strength like the 
Al-Cu-Ni-Mg alloy, is considerably more erratic in hardness. The 
Al-Cu-Fe-Mg alloy, too, is about 3000 lb. per sq. in. stronger and about 20 
Brinell numbers harder than the alloy supplied to Air Service Specifica- 
tion 11,024, which contains 10 per cent, of copper, less than 1 per cent, of 
iron, and no magnesium, while the two alloys have the same ductility. 

Both the Al-Cu-Ni-Mg and the Al-Cu-Fe-Mg alloys are subject to 
change in properties with aging at atmospheric temperature after casting. 
For instance, these alloys (molds 40 N and 40 F) tested about 6 mo. after 
casting showed some increase in strength but appreciable enhancement 
of hardness; viz., 


Alloy 

Number 
of Melt 

Number 
of Speci- 
mens 

Ultimate 
Strength, 
Lb. per 
Sq. In 

Elonra- 
tion, Per 
Cent, m 

2 In. 

Brinell 

Hardness 

Al-Cu-Ni-Mg 

3653 

3 

28,410 

27,330 

0.5 

96 

Al-Cu-Fe-Mg 

3606 

3 

0.5 

98 




This hardening is very likely a slow process, the accretion of hardness 
being gradual. 


Mechanical Properties of Alloys as Quenched and Aged 


The two alloys are much improved in strength and hardness by 
quenching and aging, but the ductility remains inappreciable: 


Alloy 

Heat 

Treatment 

Number 
of Speci- 
mens 

Ultimate 
Strength, 
Lb. per 
Sq. In. 

Elon^ 
tion. Per 
Cent, in 

2 In. 

Brinell 

Hardness 

Specific 

Gravity 

Al-Cu-Ni-Mg 

950-5BW16* 

3 

35,460 

36,120 

1.0 

101 

2.73t 

2.82t 

Al-Cu-Fe-Mg 

926-5BW16 

3 1 

0.7 

99 1 




* Hvaied at 950 for 5 hr. quenched into boiling water, and aged at 212^ F. for 10 hr. 
t Average of six melts. 
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In both alloys the accretion in strength is about 10,000 lb. per sq. in. ; 
and in hardness, about 20 Brinell numbers. 

With regard to the Al-Cu-Ni-Mg alloy, Air Service Specification 
57-72-1 stipulates that TBl (unmachined) test specimens heat-treated 
with castings shall have a minimum ultimate strength of 32,000 lb. per 
sq. in. and a minimum Brinell hardness of 90. Through the heat treat- 
ment indicated above, the alloy readily meets these requirements; but 
as the operation consumes 21 hr. exclusive of the time necessary to attain 
temperature and of that devoted to manipulation, it was deemed advisable 
to curtail the process in some way. Recent work has proved that a 
950-4BW 400-1 treatment, easily effected in a working day, may be sub- 
stituted for the 950-5BW 16 rationale, with equivalent results in strength 
and in elongation and with some advance in hardness. 

The Al-Cu-Fe-Mg alloy may be quenched and aged to develop greater 
hardness than the Al-Cu-Ni-Mg alloy for about the same strength and 
percentage of elongation. A treatment such as 925-5BW 300-16 
will result in a hardness of 115 or more (See Table 6).^ A shorter, equi- 
valent heat treatment, similar to that described for Al-Cu-Ni-Mg alloy, 
has been made available. On the whole, the high-copper alloy does not 
respond to heat treatment so reliably as the nickel-bearing material, 
which is also somewhat lower in specific gravity. 


Effect of Reheating Temperature upon Mechanical Properties 

In Figs. 2, 3, and 4 are plotted the data relative to the effect of reheating, 
after casting and after quenching and aging, at the temperatures of 300°, 
400°, 500°, 600°, 700°, and 800° F. for 25 hr. followed by air cooling. 

Sand-Cast Alloys. — Fig. 2 illustrates the effect of reheating on the alloys 
as sand-cast (Table 3). It will be observed that both materials have 
been ascribed an ultimate strength of about 28,000 lb. per sq. in., an 
elongation of 0.5 per cent., and Brinell and Rockwell values of about 95 
and 85, respectively. These values were inserted, rather than the figures 
given for the alloys shortly after casting, because they represent the 
alloys as aged at room temperature for about 6 mo. Such values serve 
as a better base, for the other molds listed in Tables 3, 5, and 6 were aged 
in the cast condition for from 2 to 6 mo. before being reheated or before 
being quenched and artificially aged and then reheated. 

Neither the Al-Cu-Ni-Mg nor the Al-Cu-Fe-Mg alloy, on reheating, 
lost much of its initial strength as sand-cast until heated at 500° F. The 
Al-Cu-Ni-Mg alloy was weakest after cooling from 600° F., when its 
strength was about 21,000 lb. per sq. in.; whereas the Al-Cu-Fe-Mg 

< Samuel Daniels: The Heat Treatment of the Al-Cu-Fe-Mg (Piston) Alloy: 
Forging — Stamping — Heat Treating (1925) 2 , 346. 



490 


EFFECT OF REHEATING ALUMINUM ALLOYS 


attained a similar minimum strength after treatment at 700® F. Reheat- 
ing to temperatures beyond which these minima were obtained 
caused a rather sharp upturn in strength. The curves of hardness were 
parallel in trend to those of ultimate strength. In both alloys, the 
hardness values declined from maxima of about 97 Brinell and 85 Rock- 
well, as sand-cast, to corresponding minima of about 58 and 64, which 
the Al-Cu-Ni-Mg alloy reached with the draw at 600° F. and the Al-Cu- 



Fig. 2. — Effect on sand-cast piston allots of reheating at indicated tempera- 
tures FOR 25 HR. AND THEN AIR COOLING. 

Fe-Mg alloy with that at 700° F. Once having attained their minima, 
both alloys made a sharp upturn in hardness, but the Al-Cu-Ni-Mg alloy 
hardened more intensely, with the result that after the draw at 800° F. 
it had Brinell and Rockwell hardness of 82; while the Al-Cu-Fe-Mg alloy 
recuperated to like properties of 71 and 77, respectively. As to elonga- 
tion that of the nickel-bearing alloy remained unchanged at 0.5 per 
cent, until the material was reheated to 600° F. when it made a maximum 
of 1.4 per cent. The alloy high in iron content acted similarly and 
acquired its maximum elongation, 1.6 per cent., when drawn at 700° F. 
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With reheating temperatures beyond those at which the maximum of 
elongation was obtained, both alloys lost in ductility; but when cooled 
from within the reheating range of from 400° to 600° F. the two materials 
were not appreciably different in ductility or hardness for a given drawing 
temperature. After reheating at 500° F., they had identical properties — 
an ultimate strength of about 25,000 lb. per sq. in., an elongation of about 
0.6 per cent, a Brinell hardness of approximately 77, and a Rockwell 
hardness of 82. Drawm at 400° F., the Al-Cu-Ni-Mg alloy was the 
stronger by about 2000 lb. per sq. in. ; and drawn at 600° F., the Al-Cu-Fe- 
Mg alloy was superior by a similar amount. The properties of the 
alloys after having been drawn at 800° F., when compared with those of 
the material as sand-cast, showed that neither alloy suffered much loss 
in strength but both were improved in ductility. At the same time the 
Al-Cu-Ni-Mg alloy lost about 15 per cent, and the Al-Cu-Fe-Mg alloy 
about 30 per cent, of its original Brinell hardness. 

Quenched and Aged Alloys . — The effect of reheating on the sand-cast 
alloys in the heat-treated condition is shown in Table 3 and Fig. 3. 
As quenched and artificially aged both alloys possessed an ultimate 
strength of about 36,000 lb. per sq. in., an elongation of about 1 per cent., 
a Brinell hardness of 100, and a Rockwell hardness of 95. With increase 
in temperature of reheating above about 400° F., both alloys rapidly lost 
strength and hardness (original or acquired) down to a minimum with the 
draw at 600° F., after which the Al-Cu-Ni-Mg alloy had an ultimate 
strength of 24,250 lb. per sq. in., a Brinell hardness of 62, and a Rockwell 
hardness of 64; and the Al-Cu-Fe-Mg alloy attained an ultimate strength 
of 20,820 lb. per sq. in., a Brinell hardness of 58, and a Rockwell hardness 
of 62. The Al-Cu-Ni-Mg alloy attained a maximum hardness with the 
reheat at 400° F., and the Al-Cu-Fe-Mg alloy reached its peak at 300° F. 
With reheating at 700° F., the former alloy regained some strength and 
proportionately more hardness; whereas the latter alloy made negligible 
recovery from its minima. As in the case of the sand-cast alloys, reheat- 
ing quenched and aged specimens to temperatures of 700° and 800° F. 
caused the Al-Cu-Ni-Mg alloy to harden more intensely than the Al-Cu- 
Fe-Mg alloy; the former hardened above 600° and the latter above 700° F. 

A comparison shows that, with the exception of the draw at 400° F., 
after which the strength of both alloys was approximately 35,000 lb. 
per sq. in. and the Brinell hardness about 106, the Al-Cu-Ni-Mg alloy 
for the entire range of reheating temperatures was superior in strength 
to the Al-Cu-Fe-Mg alloy by from 2000 to 4000 lb. per sq. in. The differ- 
ence in hardness was not great until, for reheating temperatures above 
600° F., it was in favor of the nickel-bearing alloy. As air-cooled from the 
drawing temperature of 800° F., the Al-Cu-Ni-Mg alloy had 80 per cent, 
and the Al-Cu-Fe-Mg alloy about 70 per cent, of the strength 
and Brinell hardness they possessed as quenched and aged only. 
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The heat-treated Al-Cu-Ni-Mg and Al-Cu-Fe-Mg alloys did not gain 
in ductility until drawn at temperatures in excess of about 500° F., 
as in the case of the sand-cast materials. When both alloys had the min- 
imum strength and hardness, their elongations were maximum at about 
1 .5 per cent. When the alloys began to harden, at 700° and at 800° F. 



Fig. 3. — Effect on band-cast and heat-tkeated piston allots of reheating at 

INDICATED TEMPERATURES FOR 25 HR. AND THEN AIR COOLING. 


respectively, the percentage of elongation tended to decline somewhat 
from the maximum. 

Fig. 4 shows more clearly the effect reheating exerted on both 
the sand-cast and the cast and heat-treated alloys. The Al-Cu-Ni-Mg 
alloy was appreciably stronger and slightly harder in the heat-treated 
than in the sand-cast condition whatever the drawing temperature. 
For the Al-Cu-Fe-Mg alloy, there appeared, from the standpoints of 
strength and hardness, to be no valid reason for heat-treating when the 
material is to be subjected to reheating temperatures in excess of 400° F. 
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Of course, heat treatment might be desirable with a view toward removing 
growth and improving the machineability. Inasmuch as the operating 
temperature of aeromotive piston heads may be taken to range between 
400° and 600° F., the Al-Cu-Ni-Mg alloy in the heat-treated (quenched 
and aged) condition would be preferable to the Al-Cu-Fe-Mg alloy in 
similar condition, and with reference to strength at normal (room) tem- 
perature after cooling. The difference in hardness in favor of the former 
alloy was not pronounced except when the reheating temperature was 
700° or 800° F. 

With reference to what uniformity in strength resulted from the dup- 
licate heat treatments, enumerated in Table 3 and discussed as averages 
in the preceding paragraphs, it should be said that in all cases except 
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ALLOYS AS SAND-CAST AND AS HEAT^REATED OF REHEATING AT INDICATED TEMPERA- 
TURES FOR 25 HR. AND THEN AIR COOLING. 

two molds the numerical differences were generally less than 10 per cent.; 
which is within the allowable experimental error. Moreover, it was not 
important whether the alloys were tested one week or one month after 
reheating and air-cooling. The effect of longer periods of aging at atmo- 
spheric temperature (following reheating) on the stability of the tensile 
properties was not ascertained, but Brinell hardness tests made on indi- 
vidual test bars 9 months after the first test indicated a pronounced 
degree of permanence, whatever the reheating temperature (Table 4). 

Effect of Time at Reheating Temperature upon Mechanical Properties 

Figs. 6, 6, and 7 show the mechanical properties of the alloys in 
both the cast and the quenched and aged conditions and subsequently 
reheated for various periods up to 50 hr. at temperatures of 500° and of 
700° F., followed by air-cooling. 
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The heat-treated Al-Cu-Ni-Mg and Al-Cu-Fe-Mg alloys did not gain 
in ductility until drawn at temperatures in excess of about 500° F., 
as in the case of the sand-cast materials. When both alloys had the min- 
imum strength and hardness, their elongations were Tnaxim nm at about 
] .5 per cent. When the alloys began to harden, at 700° and at 800° F. 




Fig. 3. Effect on sand-cast and heat-treated piston alloys of reheating at 
INDICATED temperatures FOR 25 HR. AND THEN AIR COOLING. 


respectively, the percentage of elongation tended to decline somewhat 
from the maximum. 

Fig. 4 shows more clearly the effect reheating exerted on both 
the sand-cast and the cast and heat-treated alloys. The Al-Cu-Ni-Mg 
alloy was appreciably stronger and slightly harder in the heat-treated 
than in the sand-cast condition whatever the drawing temperature. 
For the Al-Cu-Fe-Mg alloy, there appeared, from the standpoints of 
strength and hardness, to be no valid reason for heat-treating when the 
material is to be subjected to reheating temperatures in excess of 400° F. 
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Of course, heat treatment might be desirable with a view toward removing 
growth and improving the machineability. Inasmuch as the operating 
temperature of aeromotive piston heads may be taken to range between 
400® and 600® F., the Al-Cu-Ni-Mg alloy in the heat-treated (quenched 
and aged) condition would be preferable to the Al-Cu-Fe-Mg alloy in 
similar condition, and with reference to strength at normal (room) tem- 
perature after cooling. The difference in hardness in favor of the former 
alloy was not pronounced except when the reheating temperature was 
700® or 800® F. 

With reference to what uniformity in strength resulted from the dup- 
licate heat treatments, enumerated in Table 3 and discussed as averages 
in the preceding paragraphs, it should be said that in all cases except 
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ALLOYS AS sand-cast AND AS HEAT-TREATED OF REHEATING AT INDICATED TEMPERA- 
TURES FOR 25 HR. AND THEN AIR COOLING. 

two molds the numerical differences were generally less than 10 per cent., 
which is within the allowable experimental error. Moreover, it was not 
important whether the alloys were tested one week or one month after 
reheating and air-cooling. The effect of longer periods of aging at atmo- 
spheric temperature (following reheating) on the stability of the tensile 
properties was not ascertained, but Brinell hardness tests made on indi- 
vidual test bars 9 months after the first test indicated a pronounced 
degree of permanence, whatever the reheating temperature (Table 4). 

Effect of Time at Reheating Temperature upon Mechanical Properties 

Figs. 5, 6, and 7 show the mechanical properties of the alloys in 
both the cast and the quenched and aged conditions and subsequently 
reheated for various periods up to 50 hr. at temperatures of 500® and of 
700° F., followed by air-cooling. 
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Sand-cast Alloys. — ^Fig. 5 represents graphically the data, from 
Table 5, on the effect on the sand-cast alloys of time at reheating tempera- 
tures of 500® and 700® F., the points being derived from the averages of 
three test specimens. For the draw at 500® F., the strength of both 
alloys after the 1-hr. treatment was about the same as that of both as 
cast, though the hardness was lower. After having been drawn at 500® 
F. for 5 hr., the two materials had an ultimate strength of about 26,000 



Fig. 5. — Effect on sand-cast piston alloys of heating, after casting, at 500° 
AND 700° F. FOR indicated PERIODS OF TIME AND THEN AIR COOLING. 

lb. per sq. in., which persisted practically intact for drawing periods up 
to 50 hr. The Al-Cu-Fe-Mg alloy had somewhat greater hardness than 
the Al-Cu-Ni-Mg alloy for all drawing periods. The treatment at 700® 
F. in one hour caused the strength of the alloys to decline to 24,000 lb. 
per sq. in,, the hardness to about 65 Brinell and 69 Rockwell, and the 
elongation to increase to 1.0 per cent. With increase in time up to 50 
hr. at this drawing temperature, the Al-Cu-Fe-Mg alloy continued to 
lose strength and hardness, though its ductility did not change percepti- 
bly; the Al-Cu-Ni-Mg alloy roughly paralleled this performance except 
for the 50-hr. draw, which left it stronger, harder, and more ductile than 


SAMUEL DANIELS 


495 


the Al-Cu-Fe-Mg alloy. The Al-Cu-Ni-Mg alloy, after the 50-hr. draw, 
was as strong as after the 15-hr. draw. Taken as a whole, the two alloys 
in the sand-cast condition on being reheated at 500° and at 700° F. 
for periods up to 50 hr., and then air-cooled, reacted in much the 
same manner. 



Fig. 6. — Effect on sand-cast and heat-treated piston alloys of heating, 
AFTER HEAT TREATMENT, AT 500° AND 700° F. FOR INDICATED PERIODS OF TIME AND 
THEN AIR COOLING. 


Quenched and Aged Alloys , — When in the heat-treated condition, 
however, reheating at 500° and at 700° F. for various soaking periods 
and air-cooling brought out distinct differences in the behavior of the 
alloys. The averages for three test bars indicated (Fig. 6) that whereas 
heating at 500° F. for 1 hr. did not appreciably alter the properties of 
the alloys as heat-treated, further soaking was accompanied by a drop 
from about 34,000 lb. per sq. in., 0.5 per cent, elongation, and 100 Brinell 
hardness in both alloys gradually to an ultimate strength of 29,000 lb. 
per sq. in., an elongation of 0.5 per cent, and a Brinell hardness of 80 
in the Al-Cu-Ni-Mg alloy and precipitately (and then gradually) to an 
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ultimate strength of 23,000 lb. per sq. in., an elongation of 0.5 per cent, 
and a Brinell hardness of 70 in the AI-Cu-Fe-Mg alloy, with increase in 
time at reheating temperature up to 60 hr. The hardness curves in the 
main followed the trend of the curves of ultimate strength; and the per- 
centage of elongation remained unchanged whatever the soaking period. 
As in the case of the drawing experiments at 500° F., the Al-Cu-Ni-Mg 
alloy was stronger by 5000 lb. per sq. in. or more and considerably harder 
than the Al-Cu-Fe-Mg alloy when drawn at 700° F. for any length of 
time at the reheating temperature up to 50 hr. When drawn for 1 hr. 
at 700° F., the former alloy had an ultimate strength of about 28,000 lb. 
per sq. in. and a Brinell hardness of 66; and the latter, a strength of 
22,100 lb. per sq. in. and a Brinell hardness of 61. Longer drawing 
periods caused the Al-Cu-Ni-Mg alloy to forfeit slight additional strength 
but not its hardness (of about 70 in both Brinell and Rockwell) and the 
Al-Cu-Fe-Mg alloy to act similarly with regard to strength but to relin- 
quish still more of its hardness (down to about 55 in both Brinell and 
Rockwell). Both alloys concomitantly gained in ductility. 

Fig. 6 also shows that, disregarding the concordant percentages of 
elongation, the Al-Cu-Ni-Mg alloy was quite superior in strength and 
in hardness to the Al-Cu-Fe-Mg alloy when heat-treated and then 
reheated at 500° or at 700° F. for periods up to 50 hr. and then air-cooled. 
Furthermore, the Al-Cu-Ni-Mg alloy drawn at 700° F. for 15 hr. up to 
50 hr. was practically equivalent in strength and in hardness to the Al- 
Cu-Fe-Mg alloy treated for the same range of time at 500° F. This 
condition is probably induced by two factors: The inherently greater 
strength of the Al-Cu-Ni-Mg alloy when heat-treated and drawn at 
temperatures in excess of 400° F.; and the ability of the Al-Cu-Ni-Mg 
alloy to air-harden from 700° F., which potentiality does not reside in 
the Al-Cu-Fe-Mg alloy, whether in the cast or in the heat-treated form, 
until a temperature of 800° F. is reached (Figs. 2 and 3, and Table 3). 
The hardening of the Al-Cu-Ni-Mg alloy from 700° F. might be of 
importance should the pistons be subjected to excessive head tem- 
peratures. (In the case of heat-treated Al-Cu-Ni-Mg alloy cylinder 
heads shrunk on steel liners, it would be advisable to use a shrinking tem- 
perature of 700° F. and thus take advantage of the gain in strength caused 
by air-hardening.) 

Fig. 7 illustrates comparatively the effect of time at reheating 
temperatures of 500° and of 700° F. on the ultimate strength of the 
piston alloys as sand-cast and as heat-treated. Both alloys were stronger 
in either condition when drawn at 500° than when drawn at 700° F. 
regardless of period. The Al-Cu-Ni-Mg alloy, heat-treated and drawn 
at 700° F. was not better, however, than when as sand-cast and drawn 
at 500° F. As sand-cast and drawn at 700° F., the alloy was at its worst. 
The Al-Cu-Fe-Mg acted still differently. Given reheating temperatures 
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of 500° or 700° F. and the more pertinent reheating periods of 5 hr. or 
over, whether the alloy was initially as sand-cast or as heat-treated 
before reheating was of minor importance (from the standpoint of 
strength). For extended periods of reheating at 500° F., the material 
as sand-cast tended to be somewhat better than as heat-treated; 
and for nearly all periods at 700° F., the same direction of superiority 
was evident. 

Interpretation of the foregoing data in the light of the utility of these 
two alloys as piston materials demands, first, the recognition of the fact 
that they do not consider mechanical properties at the operating tem- 
peratures themselves, which point is being made the sbjuect of another 
investigation. If, then, the characteristics of the alloys are compared 



Fig. 7. ^Effkct on ultimate strenCxTH of sand-cast and heat-treated 

PISTON ALLOYS OF REHEATING AT 500° AND 700° F. FOR INDICATED PERIODS OF TIME 
AND THEN AIR-COOLING. 


only after they have been cooled to room temperature following reheating 
in either the sand-cast or in the cjuenched and aged condition, certain 
generalizations may be made. 

Assuming that the operating temperature of aeromotive piston heads 
ranges between 400° and 600° F., and that the skirt (from the piston-ring 
lands down) functions at temperatures below 300° F., the Al-Cu-Ni-Mg 
alloy in the heat-treated condition is preferable, from the standpoint of 
the strength and hardness of the head, to the Al-Cu-Fe-Mg alloy, either 
as cast or as heat-treated. Hardness of the skirt is, of course, essential 
to proper bearing qualities. This would be conferred on either alloy 
by heat treatment, which seems, mechanically, to be more advisable in 
the case of the Al-Cu-Ni-Mg alloy than in that of the AI-Cu-Fe-Mg 
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alloy. The machining properties and bearing qualities of both alloys 
are also improved by quenching and aging, and the resulting smoother 
surfaces may hinder carbon deposition and burning of the piston. 

From another angle, some insight may be gained as to engine per- 
formance through examination of the pistons after they have been in 
service. Inasmuch as their hardness on cooling has been shown, within 
certain limits, to be a function of the temperature to which they have 
been heated, and of the time thereat, it is possible to gage approximately 
their operating temperature. Then, too, some indication is given as to 
the nature of the heat transfer and concerning the preservation of the 
hardness of the skirt, which is an essential to effective functioning of 
the piston. 


Metallography 

The metallography of the alloys at low magnification is illustrated 
in Figs. 8 to 11. Figs. 12 to 24 inclusive, are at either 500 or 1000 diam- 
eters, the latter having been photographed under oil immersion. 


Sand-cad Alloys 

As sand-cast, the Al-Cu-Ni-Mg alloy (Figs. 8 and 12) had a rather 
open network, a small amount of CuAb either as filigree or in triangular 
areas, a rather more conspicuous amount of Mg 2 Si in skeletons or in fili- 
gree, a large amount of NiAls (often segregated) in stringers, needles, 
or rippled skeletons, slightly less of T, the ternary compound of alum- 
inum, copper, and nickel, and still less of FeAU in the form of skeletons, 
hardly to be distinguished from T. A few needles of X (iron-silicon- 
aluminum?) compound were also observed. The matrix contained no 
intragranular precipitate. 

The structure of the Al-Cu-Fe-Mg alloy as sand-cast was not so 
complex (Figs. 9 and 13). It had a larger amount of intergranular 
compounds than the Al-Cu-Ni-Mg alloy and a more complete network. 
The principal constituent was CuAb, generally in triangular patches, but 
occasionally filigreed. The high iron (1.25 per cent.) content was 
revealed in the form of two constituents: FeAb skeletons, in moderate 
amount, and needles of X in comparative abundance. Often these two 
compounds were closely associated. as duplex particles. Both the copper 
and the iron-bearing compounds tended to segregate. The compound 
Mg 2 Si was present in small film-like areas and sometimes intimately 
associated with CuAl 2 . No intragranular precipitate was observed. 

As cast and reheated at 600° F. for 25 hr. and air-cooled, the Al-Cu- 
Fe-Mg alloy was unchanged in structure except for th6 appearance of a 
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finely divided intragranular precipitate (Fig. 15) and the Al-Cu-Ni-Mg 
alloy was traversed by fine markings (Fig. 14), which could not be posi- 



Fio. 8. Fig. 9. 

Fk}. <S. — Al-Cu-Ni-Mg alloy as sand-cast; 2 percent, aq H 2 F 2 , 5 sec. X 100 

Ultimate strength 28,410 Ih. per sq. in., Brinell hardness 96; elongation 0.5 per 
cent. Stringers of NiAl.,, skeletons of FeAUf?) and of T, and some CuAlz and MgaSi 
form incomplete network. 

Fig. 9. — Al-Cu-Fe- Mg alloy, as sand-cast; nitric-acid quench, 8 sec. X 100. 

Ultimate strength 27,.3d() lb. per sq. in.; Brinell hardness 98; elongation 0.5 per 
cent. CuAb (black) and skeletons and needles of Fe-bearing compounds. 



Fig. 10. Fig. 11. 

Fig. 10. — Al-Cu-Ni-Mg alloy; 950-5BW 16; 1 percent, aq. H 2 F 2 , 5 sec. X 100- 
Ultimate strength 35,460 lb. per sq. in.; Brinell hardness 101, elongation 0.5 per 
cent. Some NiAU rounded, T rounded and in clumps, CuAU in solution, Mg 2 Si 
(black) and Fe-bearing skeletons unchanged; network partly destroyed. 

Fig. 11. — Al-Cu-Fe-Mg alloy; 925-5BW 16. X 100. 

Ultimate strength 36, 120 lb. per sq. in., Brinell hardness 99, elongation 0.7 per cent. 
Same as Fig. 9, but CuAb is rounded and network much less noticeable. 


lively identified as a precipitate; but in the alloys as cast and drawn at 
800° F. a definitepr ecipitation was visible at high magnification. In the 
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Al-CU“Fe-Mg alloy, this precipitate was undoubtedly CuAU (with pos- 
sibly some Mg2Si), even though some of the particles were not stained 
by the nitric acid quench, as in Fig. 22 ; in the Al-Cu-Ni-Mg alloy it 



Fig 12 Fig. 13. 

Fig. 12 — Al-Cu-Ni-Mg alloy, as sand-gast. X 500. 

NiAla (light gray), T (dark gray) and MgsSi (black). 

Fig. 13. — Al-Cu-Fe-Mg alloy, as sand-cast; nitkic-acid qt^enc'h, S sec. X 1000. 
CuAb (black) and duplex particles of Fc-bcaring constituents (FeAb and X); no 
intragranular precipitate. 



Fig. 14. Fig. 15. 

Fig. 14. — Al-Cu-Ni-Mg alloy; C 600-25 A; nitric- acid quench, 4 sec. X 1000. 
CuAl 2 (black) filigree and NiAls (dark gray). Markings in matrix may be 
precipitate. 

Fig. 15.— Al-Cu-Fe-Mg alloy; C 600-25A. X 1000. 

CuAl 2 (gray, massive areas) and duplex Fe-bearing particles and needles; matrix 
dotted with precipitate of CuAb. 


consisted probably of both NiAls and CuAl2 and possibly of some Mg2Si. 
The particles were so small that polishing alone served to blacken them in 
part, and what assistance could be afforded by the use of etching reagents 
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was often thereby vitiated. (It is recommended that one-third of the 
specimen be etched in one reagent, the opposite third in another. This 



Fig. 16. Fig. 17. 

Fig. 16. — Al-Cu-Ni-Mg alloy; 950-5BW16; nitric- acid qui^nch, 15 sec. X 1000. 
NiAU (gray) and T (black) both mingled with NiAls and as clumps or rounded 
particles; no intragranular precipitate. 

Fig. 17. — Al-Cu-Fe-Mg alloy; 925-.5BW16; nitric- acid quench, 15 sec. X 1000. 
CuAb and Fe-bearing needles; no intragranular precipitate. 



Fig. 18. Fio- 19- 

Fio. 18 .— Al-Cu-Ni-Mg AI.I.OY; H T 000-2.5A. X 500. . 

NiAls (light gray) closely associated with T, which in places occurs in clumps of 
small particles characteristic of heat treatment; Mg 2 Si (black) and Fe-bearmg skele- 
tons at upper right. 

Fig. 19. — Al-Cu-Ni-Mg alloy; H T 600-25A. X 500. 

NiAb (light gray) passing into lamellar T. (dark gray). 


procedure leaves an unetched band and a surface that can be studied 
from three angles.) These statements hold also for the specimens that 
were quenched and aged and then reheated. 
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Quenched and Aged Alloys 

The alloys as simply quenched and aged are depicted in Figs. 10, 11, 
16 and 17. The hardening of the Al-Cu-Ni-Mg alloy was marked by 



Fig. 20. Fig. 21. 

Fig. 20. — Al-Cu-Ni-Mg alloy; H T 800-25A. X 500. 

T (large gray particles), Mg 2 Si (black), and NiAl 3 (?) slivers. 

Fig, 21. — Al-Cu-Ni-Mg alloy; H T 800-25A; nitkic-acid quench, 15 sec. 
X 1000. 

Intragranular precipitate contains both etched (CUAI 2 ) and iinetclied (NiAb) 
particles. 



Fig. 22. Fig. 23. 

Fig. 22. — Al-Cu-Fe-Mg alloy; IIT 800-25A; nitkic-acid quench, 15 sec. 
X 1000. 

Fe-bearing skeletons and needle (gray) and CuAb (black); some of precipitate 
unetched, though undoubtedly CuAb. 

Fig. 23.— Al-Cu-Ni-Mg alloy; C 500-50A; nitric- acid quench, 15 sec. X 1000. 
NiAls (light gray), Mg 2 Si (black), and matrix markings which may be intra- 
granular precipitate. 

some dissolution of the network through the absorption of all of the CuAlj, 
some NiAls, and possibly of some T. The MgsSi and the iron-bearing 
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constituents apparently persisted unaltered. The characteristic struc- 
tural feature of the quenched Al-Cu-Ni-Mg alloy was the clumps of 
small, globular particles of T (Figs. 16 and 18), nearly always associated 
with NiAl 3 . The Al-C'u-Fe-Mg alloy, however, was changed with 
respect to CuAb, which in many places was rounded by partial solution, 
and to the network, which was somewhat broken up. 

As cast, as quenched and aged, and in either of these conditions and 
reheated at 500° F., no intragranular precipitate was identified in the 
Al-Cu-Ni-Mg alloy, or in the Al-Cu-Fe-Mg alloy except as drawn at 
500° F. for 50 hr. (Fig. 24). After etching, markings, such as are to be 
seen in Figs. 14 and 23, were developed in the specimens that were 
thought to have no precipitate, but these were interpreted to be etching 



Fid. 24.- AL-Ur-FE-Mci alloy; C 5()0-50A; nitric- acid quench, 30 sec. X 1000. 

A-y (black) and Fc-bearing needles; intragranular precipitate of CuAb. 

effects. The appearance of some of these specimens before etching is 
illustrated in Figs. 13, 16, and 17. 

When quenched and aged and then reheated at 600° F. for 25 hr. and 
air-cooled, the alloys did not differ materially in structure from their 
peculiarities as simply quenched and aged, except for the intragranular 
precipitate, which, in the Al-Cu-Ni-Mg alloy, was not absolutely distinct. 
Figs. 18 and 19 are typical of the Al-Cu-Ni-Mg alloy; and the latter 
metallograph portrays T formed from the reaction between NiAb and 
liquid. The intragranular precipitate (of CuAb) was definitely present 
in the Al-Cu-Fe-Mg alloy. 

The structure of both alloys as heat-treated and then drawn at 800° F. 
is much like that as heat-treated, from which it differs by the precipitate 
shown in Figs. 20, 21, and 22. This precipitate was acicular and globular 
in form. As has been indicated, the identification of the particles 
is difficult. 

To judge from the metallography, and especially from the mechanical 
properties, of the alloys, this precipitation commences at approximately 
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500° F. (Table 3); but at this temperature the alloys must be soaked 
for 5 hr. or longer (Table 4) to accomplish it. It will be noted in 
this connection that the properties of either the cast or the heat-treated 
alloys after having been drawn at 400° F. for 25 hr. were about the same 
as those for the draw at 500° F. for 1 hr. As drawing at 300° F. for 25 
hr. had nearly the same effect as drawing at 400° F. for 25 hr., it seems 
that precipitation does not occur from temperatures much below 500° F. 
In the case of the Al-Cu-Ni-Mg alloy, it was not possible to determine 
whether CuAU and NiAb were precipitated at different temperatures, 
because of the limitations of the etching media. It is likely that 
the hardening of the Al-Cu-Ni-Mg at 700° F. and of the Al-Cu-Fe-Mg 
at 800° F. is caused in part by the solution of this precipitate, whose 
state of division is strongly conducive to its absorption by the aluminum- 
rich matrix. 
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The Lead-antimony System and Hardening of Lead Alloys 

By R. S. Dean,* Lyall Zickrick* and F. C. Nix,* Chicago, III. 

(New York Meeting, February, 1926) 


The first attempt to establish an equilibrium diagram of the lead- 
antimony series was made by Roland-Gosselin^ in 1896. This investiga- 
tion classified the system as a purely eutectiferous one, with the eutectic 
at 12.5 per cent, antimony and 228° C. In the next year, Stead^ placed 
the eutectic temperature at 247° C. The error in temperature made by 
Roland-Gosselin, however, has been perpetuated in the literature with 
a remarkable degree of persistency ; this value was accepted by Campbell 
(1902), and Ewen (1910),^ and will be found in the last edition of 
Desch’s^ Metallography (1922). Gonterman’s investigation, made in 
1907, was the most complete one available at the time the present inves- 
tigation was started. He concluded^ that the system was a simple 
eutectiferous one and placed the eutectic at 13 per cent, antimony and 
247° C. Other investigations by Tammann (1907),^ Garbow (1909),® 
Rudolfi (1910),^ Loebe (1911),^ and Leroux (1913)^ added little, if any- 
thing, to Gonterman’s diagram. 

A number of investigations have been made of physical properties 
of the alloys. The electrical conductivity of the series was studied by 
Matthiessen (1860)^° and by A. W. Smith (1921);^^ the thermoforce by 
Rudolfi (1910),^^ and Pelabon (1923);^^ the specific heat by Durrer 
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(1918),^^ Muzzafar (1923)/^ and Linnavouri (1923).^® The magnetic 
susceptibility was studied by Leroux (1913)^^ and the electrical conduc- 
tivity in the liquid state by Muller (1910);^® the thermal conductivity 
by Smith (1925).^^ The mechanical properties have been studied by 
Ssaposhnikow (1907), Ludwick (1916),^^ llosset (1905),^^ Fairlee 
(1911),^^ and by Gurevitch and Hromatko (1921). 

None of these investigations were made on alloys of which the past 
history was sufficiently known to make the values significant. This 
is shown by the present investigations, in which as much as 300 per 
cent, change in properties may be made by the heat treatment. We may, 
therefore, seriously question any evidence of constitution as determined 
from these physical properties. 

Some observations indicating a change of properties in lead-antirnony 
alloys with treatment are found in the literature. De Jussieu (1879)-^ 
made a study of alloys of near eutectic composition (type metals) and 
found that chill-cast alloys had a surface hardness. Dubose (1905)-® 
found that a change in properties was produced by quenching the alloys. 
It is not clear whether he carried his alloys into the partly liquid range 
or not, but Guillet (1906)-^ in discussing Dubose’s work states that the 
increased hardness takes place only when the solidus is passed. Browns- 
don (1921)^® made a few observations on changes in hardness of lead- 
antimony alloys with time, as did Goebel (1922).^® None of these 
investigations described any definite reproducible treatment giving a 
difference in properties. 

Lead-antimony Equilibrium Diagram 

As the basis of our study of the lead-antimony system, it was necessary 
to develop as complete and as accurate as possible an equilibrium dia- 
gram particularly for the lead-rich end. For a number of years, work 
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toward this end has been in progress in the Hawthorne laboratories. 
In 1923, a preliminary paper was published,^® in which evidence was 
adduced that antimony was soluble in solid lead up to from 2 to 3 per 
cent, at the eutectic temperature. This conclusion was based on the 
results of differential heating curves and microscopic investigations 
which showed that after prolonged annealing the evidences of eutectic 
which appeared in the cast alloys disappeared in the 2 per cent, alloy but 
not in the 3 per cent, alloy. 

Further investigations of this limit of solubility have since been made 
by means of both thermal analysis and study of other properties. The 
alloys employed for these studies were made from Doe Run lead, which 
is a desilverized southeastern Missouri lead made by the St. Joseph Lead 
Co. The sample used contained no determinable amount of impurities. 
The antimony used was W. C. C. brand and analyzed: sulfur, 0.107 per 
cent. ; arsenic, 0.021 per cent. ; other impurities, traces only. 

The alloys were made by melting together lead and antimony in a 
graphite crucible maintained at as low a temperature as possible so as to 
prevent excessive oxidation. In most cases the alloys were analyzed 
but the variance between the synthetic composition and the analysis 
was rarely sufficient to introduce an appreciable error in the conclusions. 

The results of further heating-curve studies on the alloys showed that 
after annealing for four weeks at 235"^ C. the solid solubility was 2.45 per 
cent, antimony. This value was arrived at after studying several series 
of alloys made independently and studied by different investigators in 
this laboratory (Fogler, Quinn, Graves). Table 1 gives a typical set of 
results (Quinn). It should be noted that the eutectic arrest after this 
long annealing occurs at a point 10° C. higher than that obtained on 
cooling curves. This is explained by the growth of the lead and anti- 
mony particles. 


Table 

Pek Cent Antimony 
BY Weight 

3.2.5 

3.00 

2.75 

2.50 


1 

Heat Absorption in Terms of 
Galvanometer Deflection, 
Millimeters 

25 

16 

9 

1 


As a further check on the solid solubility of antimony in lead, and 
particularly to study the change in solubility with temperature, the 
electrical conductivities were studied at various temperatures.^^ Por 
this purpose the alloys extruded as wires 1.35 mm. in diameter and 1 m. 

30 R. S. Dean: The Lead-antimony System. J7a. Amer. Chem. Soc. (1923) 46 , 1683. 

31 Benedicks and Arpi: Metallurgie (1907) 4 , 416. 

32 R. S. Dean, W. E. Hudson and M. F. Fogler: The Lead-antimony System II. 
Ind. & Eng. Chemistry (1925) 17 , 246. 
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in length were used for measurement. All the wires were mounted on one 
frame and immersed in an oil (Crisco) thermostat. This thermostat 
was heated and cooled several times and the resistance measured until 
the same value was obtained for a given temperature when approached 
from either direction. This was taken as representing equilibrium 
conditions. The resistances were measured on a Wheatstone bridge 
to 0.0001 ohm. The results are shown in Table 2. 


Table 2 


Per Cent. Anti- 

Mhos 

Mhos 

Mhos 

Mhos 

Mhos 

mony BY Weight 

20° C 

100° C. 

150° C 

200° C. 

238° C 

0.00 

6.712 

5.208 

4 537 

3 903 

3.593 

0.44 

6.408 

5.053 

4.386 

3 852 

3 521 

0.96 

6.180 

4.902 

4.275 

3.678 

3.375 

1.36 

6.116 

4.829 

4 218 

3 566 

3.277 

1.87 

6.090 

4.810 

4.208 

3 564 

3.201 

2.27 

6.098 

4.809 

4.182 

3 562 

3.201 

2.87 

3.26 

6.109 

4.831 

4.193 

3 539 

3.142 
3 125 


The solubilities at various temperatures as determined by breaks in the 
conductivity curves are shown in Table 3. 


Table 3 


Temperature, 

Degrees Centigrade 

20 

100 

150 

200 

238 

Eutectic temperature (247° C.) 


Antimony, 

Per Cent 

0 80 
01 
15 
36 
05 

2 . 45 by thermal analysis 


Subsequent measurements of conductivities on wires cooled at 
various rates from temperatures above 200° C. showed that the rate of 
change at temperatures of 100° C. and below was exceedingly slow so 
that, in these experiments, equilibrium was not reached. Therefore, in 
order to determine the actual solubility limit at temperatures below 
100° C. it was found necessary to allow very long periods of time. The 
room temperature experiments have been under way some 200 days 
without equilibrium being reached. At 110° C. equilibrium is reached 
after about seven weeks. The curve for the conductivity of wires of 
varying antimony content, heated at 110° C., until constant when 
measured at 32° C., is shown in the curve. Fig. 1. These measurements 
were made by the potentiometer method in an oil thermostat held at a 
constant temperature of 32° C. The measurements were made on wires 
87.60 cm. in length. Each wire was weighed and the resistance calcu- 
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lated in ohms per meter-gram. The conductivity was then calculated 
in terms of that of a pure lead wire of the same weight per meter. This 
method was adopted to avoid introducing the density of the alloys, which 
is not known with the same accuracy as the conductivity. It is obvious 



Fig. 1. — Conductivity of lead-antimony alloys in terms of pure lead, 

MEASURED AT 32° C. (ThE CONDUCTIVITY OF PURE LEAD HAS BEEN TAKEN AS UNITY.) 

Alloys made from Doe Run lead, annealed for seven weeks at 110° C. 


that the values given may be converted to specific conductivities by 
multiplying by 

Specific conductivity of lead X density of alloy 
Density of lead 



Fig. la. — D ensity of lead-antimony alloys. 

The curve. Fig. la, gives our data on density together with figures taken 
from the literature. 

These results indicate that the equilibrium value of the solubility of 
antimony in lead at 110° C. is very near 0.5 per cent, antimony. In 
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these measurements a possible error has been introduced by measuring 
at 32° C. after heating at 110°. Since, however, the rate of change at 
either temperature is so slow, it is probable that no appreciable error 
takes place. An estimate of the solid solubility of antimony in lead at 
room temperature may be formed by extrapolating from the conductivi- 
ties obtained after standing for varying periods at room temperature. 
This has been done graphically in Fig. 2, and gives a figure of approxi- 
mately 0.5 per cent, antimony, indicating that the solubility at 110° C. 
should differ very little from that of equilibrium at room temperature. 
From the experiments, then, we conclude that equilibrium in the lead- 
antimony system is reached with extraordinary slowness at temperatures 
below 100° C. 

The equilibrium in alloys above the solid-solution range has been only 
cursorily investigated by us. The investigations recorded in the litera- 
ture have shown peculiarities in the system which might be interpreted 



Fig. 2. — Change of per cent, antimony in solution in lead which occurs on 

AGING AT room TEMPERATURE, AS INDICATED BY CONDUCTIVITY MEASUREMENTS. 

as indicating a compound or compounds existing in the solid state. 
Among these peculiarities may be mentioned : 

1. Apparent expansion of the 13 to 20 per cent, antimony alloys on 
freezing (use as type metal). 

2. Different temperatures for eutectic on freezing and cooling (Gonter- 
man, Dean). 

3. Irregularities in the conductivity curve (Matthiessen). 

4. Maximum in tensile strength curve near 10 per cent. (Fairlee, 
Gurevitch and Hromatko, and Rosset). 

Since both lead and antimony contract on solidifying, an expansion of 
the 13 to 20 per cent, alloys would indicate a reaction taking place on 
solidification; it was, therefore, of interest to check this generally accepted 
expansion. This was done in a pyrex glass dilatometer using Crisco 
as the dilatometric medium. The technique involved no special features 
except the enclosure of the expansion tube in a steam jacket. The 
results are shown in Table 4 (M. F. Fogler). 
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Table 4 


Antimony-lead Alloy 

Volume of 

Expansion 

Expansion, 

Pek Cent Antimony 

Alloy, c c 

ON Melting, c c. 

Per Cent. 

0(Pure Lead) 



3 60* 

10 

107 

2 45 

2.31 

12 

105 

2 42 

2.47 

16 

114 

2 35 

2 06 

100 



1 45* 

* Values for lead an( 
raphy. 

antimony taken from Tam maim: 

Textbook of Metallog- 



Fig. -Antimony 10 per cent. Fig. 4. — Antimony 10 per cent. 
Cast. Solid solution dark, i:i"te('tic Cast and .\nne\led 24 hr. at 285° C. 
LIGHT. XlOO. Solid solution dark, eutectic light. 

X 100. 



Fig. 5. — Conductivity of lead-antimony" alloys, annealed at 235° C., 

QUENCHED IN WATER AT ROOM TEMPERATURE AND AGED VARYING PERIODS OF TIME AT 
ROOM TEMPERATURE. 

The interpretation of these results is that the lead-antimony alloys 
of approximately eutectic composition behave normally with regard to 
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volume change on fusion and that the special properties of lead-antimony 
type metals should be attributed to some other factor. 



Fig. 6. — Conductivity of lead-antimony alloys annealed at 235° C. and 

COOLED SLOWLY. AgED VARYING PERIODS OF TIME AT ROOM TEMPERATURE. 

The different eutectic temperatures observed on heating and cooling 
may be explained on the basis of agglomeration of the lead and anti- 
mony particles. The definite tendency toward this agglomeration is 
illustrated microscopically in Figs. 3 and 4. 
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Fig. 7. — Conductivity of lead- antimony alloys as determined by A. W. Smith. 

Previous determinations of conductivity have not taken into account 
the changes which take place in the conductivity of these alloys with 
treatment. In Figs. 5 and 6 are plotted in terms of pure lead the conduc- 
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tivity curves of lead-antimony alloy wires containing up to 20 per cent, 
antimony. These tests were made after the alloys had been aged for 
various periods of time at room temperature. They do not indicate a 
compound up to this composition. The most recent determination of 
the conductivities of the complete series of lead-antimony alloys has 
been made by A. W. Smith (1925). His results are shown in Fig. 7 and 
do not indicate a compound. 

The tensile strength of cast lead-antimony alloys has been measured 
by Gurevitch and Hromatko, by Fairlee and by Rosset. All of these 
investigators find a maximum of tensile strength near 10 per cent, anti- 
mony. Measurements on extruded and annealed wires do not show any 
such maximum. Table 5 shows the tensile strength in kg. per sq. mm. of 
wires after heating for a period of seven weeks at 110° C. 

Table 5 


Antimony, 

Tensile Strength 

Per Cent 

Ko. PER Sq. Mm. 

0.0 

48 

0 1 

48 

0 2 

54 

0.3 

54 

0 4 

75 

0 5 

95 

0 G 

95 

0 7 

2 08 

0 8 

2 22 

0 9 

2 35 

1.0 

2 28 

1 1 

2 55 

1 3 

2.68 

1 5 

2.75 

1.7 

88 

2 0 

88 

2.5 

2.88 

4.0 

2.82 

6.0 

2.55 

7.5 

2.68 

8.0 

2.82 

9 0 

2 82 

9.5 

88 

10 0 

.94 

10 5 

94 

11 0 

94 

11.5 

3.07 

12.0 

2.94 

12.5 

2.94 

13 0 

3 00 

14 0 

3.00 

15.0 

2.94 

18.0 

3.00 

20.0 

3.00 
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Fig. 8. — a. Antimony-lead 2 per cent. Cast. 6. Antimony-lead 4 per cent. 
Cast. Solid solution light, eutectic dark. XKM). 

icance so far as the equilibrium diagram is concerned. Also that the 
evidence adduced for the existence of a compound in this system is capable 
of other interpretation. 
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Fig. 9. — a. Antimony-lead 10 per cent. Cast. XIOO. b. Antimony-lead 
13 PER cent. Cast. XlOO. 


A metallographic examination of the alloys did not reveal any unex- 
pected features, but for purposes of record a series of photomicrographs 
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are included in this report, Figs. 8-11. The alloys above 2 per cent, 
cannot be satisfactorily etched with the acetic acid-hydrogen peroxide 



a h 

Fkj. 10. — tt. Antimony-lead 15 peh cent. Cart. XIOO. b. Antimony-lead 
20 PER cent. Cast. XlOO. 

etch developed in this laboratory for cable sheath. The most satis- 
factory etch found for these higher alloys was an electrolytic one using 
perchloric acid as the electrolyte. These alloys in the cast state have 



Fig. 11. — a. Antimony-lead 10 per cent. Annealed 24 hr. at 235° C. XlOO. 
h. Antimony-lead 2 per cent. Annealed at 235° C. XlOO. 

the appearance of a simple eutectiferous system. Below 13 per cent, 
antimony, dendrites of solid solution appear in the ground mass. In 


320 Described by Rutherford: Am. Soc. Testing Mats. (1922.) 24, 739. 
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the eutectic composition (Fig. 96) small amounts of lead-rich and anti- 
mony-rich constituents appear as primary formed crystals. This is 
probably due to the alternate supersaturation of the melt with anti- 
mony and lead. 

By annealing, a different structure is obtained. Two of these alloys 
are shown in Fig. 11. In the alloys below 2.5 per cent, the antimony 
apparently dissolves in the lead, giving a one-constituent alloy, and so 
far as this investigation was carried no metallographic evidence of the 
separation of the antimony constituent on cooling was found. In the 
higher antimony alloys the eutectic apparently breaks down into larger 



Fig. 12. — Partial equilibrium diagram of the system lead-antimony. 

crystals of lead and antimony. These results are summarized in Fig. 
12, in the form of an equilibrium diagram. 

Age Hardening in Lead-antimony System 

In March, 1923, it was discovered by R. S. Dean and W. E. Hudson 
that lead-antimony alloys, if heated above 200° and quenched, would 
show age-hardening phenomena. With the lead-antimony equilibrium 
diagram as given in the preceding section at hand, one could predict from 
the theory of hardening advanced by Merica (1919)^Hhat such a hardening 
would take place in the lead-antimony alloys. According to this theory, 
the hardening is due to the separation of a constituent in a very fine 
state of subdivision, this constituent being more soluble at the tempera- 
ture from which it is quenched than at the aging temperature. 

Since it appeared that this age hardening might be of considerable 
commercial importance, it has been investigated in some detail. This 
phase of the investigation is still under way. A preliminary report of 


Merica, Waltenbcrg and Scott: Trans. A. I. M. E. (1920) 64 , 341. 
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the age-hardening; effect was made in the paper by Dean, Hudson, and 
Fogler.*'^^ The following paragraph and table are quoted from that paper 
to give an indication of the general nature and magnitude of 
the phenonumon. 

‘Tn order to determine what alloys are susceptible to this hardening 
and at what composition the maximum hardening occurred, the alloy 
wires used in the conductivity experiments were heated from 238° to 
243° for a period of several hours, quenched in water and aged 24 hr. at 
room temperature. 

Table 6 


Per Cent Antimony 

Tensile Strength, Lb 

PER Sq In. X 10”» 

Immediately after Quench 

24 Hr Later 

0 44 

2.68 

2.70 

0 90 

2 75 

3.10 

1 36 

3.20 

4.00 

1 87 

4 05 

9.03 

2 27 

4 65 

10.18 

2 87 

5 33 

8.88 

3 26 

00 

6 68 


It will be noted that the age hardening becomes detectable only after 
this period of aging in alloys containing more than 0.8 per cent, antimony. 



Fig . 13 .- 


-Diagram showing distinct maximum in age-hardening of lead- 
antimony ALLOYS near 2.5 PER CENT. ANTIMONY. 


This finding is in accord with the theory of the age hardening of dural- 
umin as proposed by Merica, Waltenberg, and Scott. 

It will also be noted from the curve, Fig. 13, that there is a distinct 
maximum in age hardening near 2.5 per cent, antimony. It will be seen 
from the data already given that this corresponds to the maximum solu- 
bility. This fact may be explained on the dispersion theory by assuming 
that in alloys containing more than 2.5 per cent, antimony some rela- 


ciU 
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lively large primary crystals of the separating constituent will be present 
after quenching, which will serve as nuclei and prevent as complete a 
dispersion of the separating material as in the alloy which represents the 
maximum solid solubility of the series. 

We have seen that the solubility drops over a very long period of 
time, eventually reaching 0.5 per cent, or less. We should accordingly 
expect to get some age hardening under proper conditions in alloys down 
to that percentage. Our investigations have demonstrated this to be 
the case, although the age hardening at these low antimony percentages 
is slight. 

We will now turn to a detailed study of the various factors affecting 
the age hardening in these alloys. 



Fig. 14. — Tensile strength of lead-antimony alloys annealed at tempera- 
tures INDICATED, QUENCHED, AND AGED FOR 24 HR. AT ROOM TEMPERATURE. 


Effect of Heating Time on Age FIardening 

Samples of lead-antimony alloy wires containing 2.5 per cent, anti- 
mony wire were annealed at 240° C. in a Crisco bath for various lengths 
of time and quenched in ice water. Table 7 gives the results for breaking 
strength after 24 hr. of aging at room temperature. 


Time of Annealing 

30 min. 

10 min. 

6 min. 

3 min. 

1 min. 


Table 7 

Breaking Strength after 
24 Hr,, Kg, per Sq. Mm. 

6.6 
6 85 

6.7 

5.7 
4.3 


Elongation, 
Per Cent, in 8 In. 

Brittle 
1.9 
2 0 
3.2 
10.0 




R. S. DEAN, LYALL ZICKRICK AND F. C. NIX 


519 


These results indicate that heating beyond the time necessary to 
get all the antimony into solution has practically no effect on the tensile 
strength but increases brittleness. This is probably due to grain growth 
of the lead matrix. 


Effect of Temperature of Annealing on Age Hardening 

Samples of lead-antimony alloy wires were annealed at temperatures 
of 198°, 215°, 230°, and 238° C. for 45 min., quenched in water at 15° C. 
and allowed to age 24 hr. at room temperature. Table 8 and Fig. 14 
give the results: 


Table 8 


Temp of Anneal 


wt 

23<S 


1 230° C. 

1 21.5° C. 

198 

° C 

Por 

Cent 

ToriHile 

Por 

Tensile 

Per 

' Tensile 

Per 

Tensile 

Per 

Sb 

StronKth, 

Cent 

^ Strength, 

Cent. 

Strength, 

Cent 

Strength, 

Cent 


Kt? J)«T 

Elong 

Kg per 

Elong 

Kg per 

Elong 

Kg per 

Elong 


Sq Mm 

1 in H In 

Sq M m 

in 8 In 

Sq Aim. 

in 8 In 

Sq Mm 

in 8 In 

1 

2 22 


1 2 28 

10 0 

2 35 

12 0 

2 48 

15 0 

1 5 ' 

2 70 1 


; 2 55 

7 0 

. 2 62 

9 6 

2 82 j 

I 14 2 

2 0 

4 10 j 


: 3 42 

4 0 

i 3 22 

10 5 1 

3 36 

16 0 

2 5 

0 05 


i 5 5 

2 0 

! 3 76 

11 3 ; 

3 62 

16 0 

3 0 

7 00 


5 05 ' 

2 7 

: 3 70 

12 0 i 

: 3 50 

15.9 

3 5 

7 1 


4 50 

5 8 

3 70 

12 5 

; 3 55 

! 16 5 


h]ach figure is the average of at least three values. These results 
indicate that to get hardening effects near the maximum, it is necessary 
to heat above 230° C. Since we have seen that the best results are ob- 
tained by using a heating temperature of 238° to 240°, this temperature 
has been used in the following experiments. 
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Fia. 15. — Tensile properties of alloys annealed at 235° C. and cooled slowly, 

AND OF ALLOYS ANNEALED AT 110° C. FOR SEVEN WEEKS. 


Rate of Hardening 

In the preliminary study of these alloys, we made the assumption 
that since the tensile properties of a slowly cooled alloy were similar to 
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those of an alloy which had been quenched, aged, and softened by 
reheating to slightly above 100° C. for a period of time, the distribution of 
the antimony in the alloy was of the same order. Experiments on con- 
ductivity, however, showed that this was not the case. (See Figs. 15 
and 16.) 



^on^hjch yifyof/il/oys Quertched fro m B3SX and Annealed 'foi^ 


Conduciivrf'y of Alloys 
\AnnQaled cflB35*C and 
Co(^led 3lowly- 


l Z A b (o 1 8 T 10 11 I? 13 14 15 iG 17 18 
Per Ccnl- An+imonij 


Fig. 16. — Conductivity of alloys annealed at 235° C. and cooled slowly, and of 
AXLOYS QUENCHED FROM 235° C. AND ANNEALED FOR A PERIOD OF TIME AT 120° C. 


The slowly cooled alloy retained practically as much antimony in 
solid solution as the quenched alloy but separated it at a much slower 
rate (Figs. 17 and 18) and hence hardened very mucli more slowly 
(Figs. 19 and 20). 



Fig. 17. — Conductivity of alloy wires annealed at 235° C. and cooled 

SLOWLY, AND OF ALLOY WIRES ANNEALED AT 235° C. AND QUENCHED. MEASURE- 
MENTS TAKEN ON THESE ALLOYS BEFORE AGING. 

The plots of per cent, antimony against conductivity, with the excep- 
tion of the one immediately after quenching, exhibit an interesting 
phenomenon of passing through minima at the point where the curves 
change direction. (See Figs. 17 and 18.) The explanation of this is 
probably to be found in the autocatalytic nature of the breaking down 
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Fig. 18. — Conductivity of alloy wires annealed at 1235° C. and cooled 
SLOWLY, AGED 42 DAYS, AND OF ALLOY WIRES ANNEALED AT 235° C. AND QUENCHED, 
AGED 42 DAYS. 
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Fig. 19. — Tensile strength of alloys annealed at 235° C. and cooled 
SLOWLY before AGING, AND OF ALLOYS ANNEALED AT 235° C. AND QUENCHED 
BEFORE AGING. 
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Fig. 20. — Tensile strength op alloys annealed at 235° C. and cooled 
SLOWLY, aged 42 days, and of alloys annealed at 235° C. AND QUENCHED, AGED 
42 DAYS. 
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Fig. 21. — Conductivity of 1.5 per cent, antimony alloy annealed at 235° C., 

QUENCHED IN WATER AND AGED. MEASUREMENTS TAKEN AT 32° C. 



Fig. 22. — Age hardening op lead-antimony alloys at room temperature. 
Conductivity in terms of pure lead. 



Days of Aging 


Fig. 23. — Age hardening of lead-antimony alloys at room temperature. 

Tensile strength. 
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process. The alloys containing over 2.5 per cent, antimony have primary 
formed antimony crystals which serve as nuclei and therefore give 
increased rate of decomposition, which gives the minima in the curve 
immediately after slow cooling. Each further separation of antimony 
then accelerates the decomposition till a practically steady state is 
reached. The time conductivity curve therefore has three parts, a 
period of induction until for some reason nuclei are formed, a period of 
very rapid precipitation and a final very slow separation of the last por- 
tion. Such a curve for 1.5 per cent, antimony is shown in Fig. 21. An 
alternative explanation of these minima in conductivity is that the very 
finely divided condition of the disperse phase has a lower conductivity 
than the coarser dispersion which is formed a little later. 

Effect of Aniinwruj Content on Rate and Amount of Hardening 

Tensile Strength , — ^In Fig. 22 is shown the change of conductivity 
with time of several alloys. We see that the 2.5 per cent, alloy breaks 



Fig. 24. — Tensile puopeuties of lead-antimony alloys, heat treated and cast. 

down the most rapidly and reaches the greatest hardness. In general, 
the rate seems to be proportional to the amount of antimony separating. 
In Fig. 23 the corresponding curves for tensile strength are shown. 

In Fig. 24 is shown the maximum tensile strength reached by quenched 
and slowly-cooled alloys and alloys heated to 110° for five weeks. All 
these figures are for extruded alloys. The tensile strength of cast 
alloys from the figures of the Bureau of Standards (1923)^^ are also given 
for comparison. We have not studied the increase in tensile strength 
of cast alloys on heat treatment. 


35 Bur. of Stds. Circ, 101 (1924). 
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Brinell Hardness. — ^Lead-antimony alloys containing from 1 to 10 per 
cent, antimony were cast in small slugs 6 by 3'^ by 3^^ in. and rolled down 
to about ^-in. thickness. These strips were annealed at 238° C. for 15 
min., quenched in cold water and allowed to age. The aging was followed 
by means of a Micro Brinell machine using a 2-kg. load on a 
ball. Table 9 shows the Brinell numbers immediately after quenching 
and 11 days later. This shows that all of these alloys age harden, but 
there is a maximum at about 3 per cent, antimony. 


Sb, Per Cent. 

Table 9 

Brinell Number 

AFTER QuENCHINQ 

Brinell Number 
1 1 Days Later 

1 

5 8 

8.8 

2 

5 9 

22 8 

3 

12 1 

25 1 

4 

8 1 

14 0 

5 

9 1 

18 6 

6 

8 8 

21 0 

7 

8 8 

20 5 

8 

9 4 

18.2 

10 

13 0 

20 5 


The change with time of the Brinell number of quenched rolled lead- 
antimony alloys is shown in Table 10 and Fig. 25. They all show 



Fig. 25. — Brinell hardness of lead-antimony alloys annealed at 240° C., 

QUENCHED IN WATER AT ROOM TEMPERATURE, AND AGED. ’ 


a softening after the maximum is reached in about 16 days. They 
continue to soften until an equilibrium value is reached and then 
remain constant. 
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Table 10 

Antimony Content, Per Cent 

1 2 : 3 4 5 6 7 8 10 ~ 

Annealed — 

Bnnell Number 

7 5 8 4,8 1 8 8 8 8 9 4 9 3 9 6 12 1 


ninediately after quenching 

5 

8 

5 

9 

12. 

1 

8 

1 

9. 

1 

14 

0 

8. 

8. 

9. 

4 13. 

0 

4 hours after quenching . 

6 

4 

'll 

6 

11 

6 

8 

9 

9 

3 

15 

6 

9. 

3 

9. 

6 12. 

1 

7 hours after quenching 

6 

8 

,14 

0 

10 

2 

9. 

1 

10. 

4 

15 

6 

10 

2 ' 

11 

1 13. 

3 

24 hours after qucncViing 

6 

4 

|15 

4 

13 

7 

11. 

6 

11 

3 

18 

6 

10 

9 

10 

4 15 

1 

30 hours after quenching 

6 

9 

’l6 

0 

16 

7 

11 

3 

11. 

9 

21 

1 

10 

9 

10 

2 12 

1 

52 hours after quenching . 

6 

9 

17 

8 

18 

6 

12 

4 

12 

7 

21 

1 

12 

7 

13 

6 14 

7 

72 hours after quenching 

6 

9 

|16 

7 

17 

1 

11 

6 

13 

3 

18 

2 

14 

4 

13 

O' 13 

3 

101 hours after quenching 

6 

8 

il5 

4 

18 

2 

11 

6 

13 

7 

16 

7 

14 

0 

14 

3; 12 

7 

167 hours after quenching 

7 

0 

jl8 

2 

21 

1 

13 

0 

15 

4 

20 

3 

16 

7 

18 

2 13 

0 

264 hours after quenching . . 

8 

8 

|22 

8 

25 

1 

14 

0 

18 

6 

21 

0 

20 

5 

18 

.2 20 

.5 

340 hours after quenching . . 

8 

8 

22 

8 

23 

5 

13 

3 

17 

8 

21 

6 

18 

.6 

19 

.0 16 

.3 

Ul2 hours after quenching . 

10 

.5 

i24 

2 

21 

6 

17 

8 

17 

8 

25 

1 

19 

.5 

22 

8!i9 

.0 

^697 hours after quenching . 

10 

4 

20 

5 

19 

0 

17 

1 

,17 

.8 

19 

0 

18 

2 

19 

.0 19 

.0 

S64 hours after quenching 

9 

.8 

18 

.6 

19 

0 

14 

3 

,17 

.1 

19 

0 

18 

.2 

18 

.2!l6 

3 

3192 hours after quenching . 

10 

.7 

19 

.0 

17 

.1 

14 

.7 

T7 

8 



15 

.1 

19 

.0,16 

.3 

3605 hours after quenching . . 

10 

9 

19 

.0 

16 

.0 

13 

.7 

18 

6 



18 

.2 

18 

.215 

.1 

3964 hours after quenching. . . . 

11 

.36 

18 

.6 

15 

.4 

14 

.0 

19 

5 



17 

.1 

;i9 

.5 16 

.3 

4561 hours after quenching . 

12 

1 

19 

.0 

15 

4 

14 

.0 

,17 

.8 



il6 

.3 

19 

.0 15 

.4 

5230 hours after quenching. . . . 

11 

9 

18 

2 

15 

4 

13 

.7 

116 

.7 



15 

.4 

17 

.8116 

.7 


Effect of Kate of Quench on Rate and A7nount of Hardening 

Restricting our study now to the 2.5 per cent, alloy, which shows the 
maximum hardening, further experiments were made on the effect of 



Days of Aging 

Fig. 26. — Tensile strength of 2.5 per cent, antimony alloy quenched at 
VARIOUS RATES AFTER ANNEALING AT 235° C., FOLLOWED BY AGING AT ROOM TEMPER- 
ATURE. 

the rate of quench on the rate of hardening, using several quenching 
media. The results are shown in Fig. 26. 
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We see that both the rate of hardening and the final hardness reached 
are determined by the rate of quenching. This discovery is very impor- 
tant in the practical application of age hardening, since it allows us to 
reach a predetermined value of hardness and tensile strength in one opera- 
tion rather than by the process of producing the maximum hardening and 
then softening by reheating. A study of the effect of the rate of (juench 
on the possible combinations of tensile strength anti elongation is shown 
in A of Fig. 27. Since all the points fall on a single smooth curve, the 
combination is the same regartlless of the rate at which it is reached. 
The combinations on this curve are. however, better than those obtained 
by a reheating process as shown in B of Fig. 27. This poor elongation of 
the reheated alloys is probably due to crystal growth of the matrix. 


A ? sya^nHmonu Alloy Annpahd 
of ^35’' C and Quenched a f i 
—Various Rates fSeeFi^BG)- 


B Tensile Sir^ngih-Elongation 
_ Curve of an Age Hardened 
Arrhmony AHoy Shoiving Change 
goofhenmq when Heated 
77^C 1 1 I ! i 



2 3 4 5 7 8 9 10 11 12 13 

Per Ceni- Elon9crl’ion 


Fig. 27. — A. Antimony alloy, 2.5 per cent, annealed at C. and 

QUENCHED AT VARIOUS RATES (SEE FlG. 26). B. TeNSILE STRENGTH-ELONGATION 
CURVE OF AGE-HARDENED 2.5 PER CENT. ANTIMONY ALLOY SHOWING CHANGE DURING 
SOFTENING WHEN HEATED AT 77° C. 


This effect of rate of quench on rate of hardening seems to offer an 
explanation of a paradoxical phenomenon in steel hardening which has 
recently received considerable attention, viz. : Oil quenching gives more 
austenite (solid solution) than a more drastic water quench. It would 
appear that the explanation may not be in the amount of austenite 
retained immediately on passing through the critical range (solubility 
range) but in the rate at which the retained austenite breaks up after 
having passed from the critical range. From an analogy with the lead- 
antimony alloys, we would expect the oil-quenched material to break 
down more slowly, hence showing more austenite at room temperature. 


Softening of Lead-antimony Alloys at Elevated Temperatures 

Lead-antimony alloy wires 1.37 mm. diameter containing 2.5 per 
cent, antimony were annealed at 238° C. for 15 min., quenched in cold 

3® Bain: Amer. Soc. Steel Treat. (1925) 8, 14; Mathews: H. M. Howe lecture. 
Trans. A. I. M. E. (1925) 71. 
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water and allowed to age at room temperature for 10 days. The breaking 
strength after that time was 10.1 kilos. These wires were placed in 
ovens at various temperatures and decrease in breaking strength followed 
from time to time. Table 11 gives the results (M. F. Fogler), which 
are plotted in Fig. 28. These indicate that, depending on quenching 
technique, there is, for any particular temperature, an equilibrium value 
for the breaking strength. That value in each case is indicated by the 
flattening of the curve. Table 12 gives the equilibrium values for the 
four temperatures studied. 



Fig 28. — Detehior.\tion tests on 2.5 per cent, antimony alloy. 


Table 11 


77° C 


100 ° (’ 


1 2:.° c 


148° C 


Time, 

lIourM 

Breaking 

Strongtli, 

Kg per 

S(i Mm 

Time, 

Hours 

Breaking 
Strength, 
Kg per 

Sq :Mm 

Tune, 

Hours 

Breaking 
Strength, 
Kg per 

Sq M m 

Time, 

Hours 

Breaking 
Strength, 
Kg per 
Sq. Mm 

3 5 

6 37 

1 

6 00 

1 

4 70 

0 5 

4.55 

7 

6 05 

5 

5 50 

2 

4 62 

1 

4 30 

21 

5 56 

24 

4 76 

22 

3 96 

4 

3 96 

72 

5 16 

120 

4 36 

72 

3 SS 

7 

3 82 

170 

4 55 

144 

4 15 

95 

3 52 

23 

3 56 

264 

4 55 

193 

4 22 

119 

3 70 

48 

3 48 

2S8 

4 36 

2S4 

4 15 

146 

3 62 

72 

3 42 

360 

4 50 



171 

3 48 

96 

3 32 

432 

4 43 



191 

3 48 

144 

3.36 





262 

3 62 

168 

3 36 





311 

3 56 







336 

3 62 




Temperature, 

DirnHir'ica PvMTinH Anw 

77 

100 

125 

148 


Table 12 


Breaking Strength, 
Kg. per Sq. Mm. 


3.60 

3.36 
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These figures are plotted in Fig. 29 and an extrapolation to room 
temperature is made. This extrapolation indicates that for the quench- 
ing technique used, a breaking strength of about 5.25 kg. per sq. mm. may 
be considered the equilibrium value at 25° C. This is about 78 per cent, 
of the maximum noted strength and about twice that of the untreated 
wire. These results are interpreted as indicating that the age-hardening 
effect is stable. This is in agreement with Jeffries^^^ findings on 
duralumin (1924). 


I Temp^rafure aVwhich age I 
^'horroleneci alloy js compleiely 



p ! I\ / ’ 

ii sl I femp eralure\^ j 


3.0 4.0 5.0 6.0 

Tensile Slrcngfh,kg pcpsq mm 

Fig. 29. 

Microscopic Examination of Age-hardened Alloy 

Due to the softness of the alloy, the ordinary methods of metal- 
lography do not show any change on age hardening. However, with a 
greatly improved technique developed by F. F. Lucas, in the Bell Tele- 
phone Laboratories, the decomposition of the solid solution may be 
followed microscopically. 


Summary 

In previous papers the solid solubility of antimony in lead has been 
shown to vary from 2.45 per cent, at the eutectic temperature to less 
than 0.8 per cent, at room temperature. The discovery of a marked 
age-hardening phenomenon in lead-antimony alloys has also been 
reported and its connection with this solubility change discussed. It was 
also pointed out that the solid solutions below 1 per cent, were quite 
stable and broke down very slowly, making it difficult to determine the 
actual solubility at room temperature. 

In the present paper evidence has been presented which shows that : 


37 Jeffries: Trans. A. I. M. E. (1924) 70, 303. 
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1. The solid solubility of antimony in lead at room temperature is at 
least as low as 0.5 per cent, and probably not far from this figure. 

2. The evidence which has been put forward for the existence of a 
compound in the lead-antimony system is capable of other interpretation. 

3. The lead-antimony alloys of approximately eutectic composition 
behave normally with regard to volume change on solidification. 

4. Age hardening may be observed in all lead-antimony alloys con- 
taining more than 0.5 per cent, antimony. 

6. The rate and degree of age hardening is determined by the rate 
of cooling. 

7. An equilibrium value for the strength of the alloy is reached at 
any given temperature. This value depends on the temperature and 
previous treatment of the alloy. 

These data and a study of other factors affecting hardening in these 
alloys has given some new evidence on the mechanism of hardening in 
general and has suggested an explanation of some unusual phenomena 
observed in steel hardening. 
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DISCUSSION 

R. S. Dean, L. Zickrick and F. C. Nix ((written discussion). — With 
the development of a method for preparing metallographic specimens of 
lead-antimony alloys as suggested by F. F. Lucas ^ of the Bell Telephone 
Laboratories, Inc., it has been found possible to determine microscopically 
the lower limit of the solubility of antimony in lead, and also to explain 
the mechanism associated with the hardening process for these alloys. 

This method consists of preparing the surfaces of the alloys for 
microscopic observation by cutting with a microtome instead of polishing, 
only a slight etch with acetic acid and hydrogen perioxide being necessary 
to develop the structure. 


1 See page 909. 

VOL. LXXIII.— 34 . 
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Fig. 30, cont’d. — c, 10 days later, Brinell number 5.26; d , 1 month later, 

Brinell number 4.84. 
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Fig. 30, cgnt’d. — ueheated to 
110° C. for 1 WEEK, lililXELL NITMBEU 
4.84. 


a 

Fig. 31. — Antimony, 1.0 per cent., 
QUENCHED IN WATER AT 10° FROM 235° C. 
AND AGED AT ROOM TEMPERATURE, X500 
a, IMMEDIATELY AFTER QUENCH, BrINELL 
NUMBER 5.73. 



Fig. 31, cont’d. — b , 24 hours later, Brinell number 6.50; c, 10 days later, 

Brinell number 8.6. 
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d e 

Fig. 31, coxt’d. — ] movth l^tkk, Brinell \umhek8 21; (\ uehe\tei) to 110° (' 
FOR 1 week, BrINELL NUMBER () 70. 



a h 

Fig. 32. — Antimony, 2.0 per cent, quenched in water at 10° from 235° C ., 

AGED AT ROOM TEMPERATURE, X500. tt, IMMEDIATELY AFTER QUENCHING, iBilNELL 

NUMBER 12.00; by 24 hours later, Brinell number 16.36. 
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Fi(.\ 82, coxt’i) --Reheated to 110° Fig. 38 .— Antimony, 8.0 per cent., 
C. FOR 1 WEEK, BrINELI NUMBER 10.80. QUENCHED IN WATER AT 10° FROM 235° C., 

AGED AT ROOM TEMPERATURE, X500. a, 
IMMEDIATELY AFTER QUENCHING, BrINELL 
NUMBER 14.32. 
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Fig. 33, cont’d. — 6, 24 hours later, Brinell number 18.32; c, 10 days later, 

Brinell number 25.08. 



d e 

Fig. 33, cont’d . — dj 1 month later, Brinell number 20.24; e, reheated to 110° C. 
FOR 1 WEEK, Brinell number 11.10. 
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Mechanism of Dispersion Hardening 

Studies of the physical properties have indicated that the hardening of 
lead-antimony alloys is associated with a breaking down of the lead- 
antimony solid solution into a highly-dispersed antimony-rich constituent 
in the ground mass. 

For a metallographic study of this phenomenon, alloys of pure Doe 
Run lead with 0.5, 1,0, 2 and 3 per cent, of Chinese antimony were cast, 
rolled and after annealing at 235° C., quenched in water at room temper- 
ature. These compositions were selected so that the range of solid solu- 
bility might be covered and in addition, an alloy studied which would 
show primary antimony after quenching from a temperature of 235° C. 

After preparing the specimens, they were examined under the 
microscope and photographed at 500 diameters. The results are shown 
in Figs. 30 to 33. It will be seen that after aging 24 hrs., all except the 
0.5 per cent, alloy show a distinct breaking down within the crystals. A 
study of these alloys after 10 days shows a still further breaking down. 
A considerable number of observations have shown that this breaking 
down apparently starts at the grain boundaries. In the case of 2 and 3 
per cent, alloys after aging 10 days, it will be seen that the crystal bound- 
aries appear lighter in color than the main body of the crystal. There is 
good reason to believe that these large patches occurring in the widened 
grain boundary are agglomerated antimony which has formed from 
smaller particles of antimony that first separate. The light color of the 
grain boundary is due then, to the lesser degree of dispersion of its anti- 
mony content as compared to the surrounding crystals. The samples 
observed after aging one month show further progress of this agglomer- 
ation process, it being particularly noticeable in the 2 per cent, alloy. It 
will be noted, however, that no breaking down appears in the 0.5 per cent, 
alloy. 

To obtain further information in the breaking-down process of these 
alloys, they were reheated to 1 10° C. for one week. This resulted, as will 
be seen in the photomicrographs. Figs. 30 to 33, in a considerable increase 
in the size of the antimony particles, and therefore, an increased area 
which appears light under the microscope. The 0.5 per cent, alloy does 
not, however, show any signs of breaking down, indicating that it is also 
stable under conditions of reheating to 110° C. 

The writers wish to thank E. F. Salchow and L. G. Swenson, to whom 
credit is due for the metallographic work. 

W. B. Price, Waterbury, Conn. — Do you find any difference in the 
kind of lead you use? Do small impurities, such as nickel, copper, or 
anything of that type, affect the limit of solubility? 

R. S. Dean. — It does have an effect. We are not prepared to say just 
quantitatively what these effects are, but copper apparently increases the 
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solid solubility somewhat. We are working on that, but I would not 
want to make a definite statement at this time. 

C. R. HaywaIrd, Cambridge, Mass, (written discussion). — In 
connection with the results of age hardening of lead-antimony alloys 
presented by Dean, Zickrick and Nix some tests made on a lead-anti- 
mony-tin alloy may be of interest. These were made by J, P. Ramsey, 
Jr., working under the writer^s direction in the laboratories of the Mass- 
achusetts Institute of Technology. The alloy used was a type metal 
made up to contain 94 Pb, 3 Sb and 3 Sn, but not subsequently analyzed 
to get the exact final composition. 

A sheet of this metal, about }i in. in thickness, was poured in an iron 
mold and cut into squares. These were aged for 2 weeks during which 
time hardness tests were taken periodically. Some of the specimens 
after aging for 21^' days at room temperature were reheated to various 
temperatures, quenched in water, and reaged for 0 days. Another lot 
was similarly treated after aging for 6 days. Some of the specimens 
were also subjected to the Erichsen test. The results are shown in the 
following tables and curves. 

Table 1. — Results of Aging Cast Metal 


1 C after Casting 

Itnnell Hardness 

J'!riclis<'n 'I'est 

30 min. 

12.4 

145 

90 min. 

13.3 

142 

3 hr. 

14 1 

132 

41 ^ hr. 

14 3 

123 

24 K hr. 

14.7 

114 

48 hr. 

15.0 

112 

54 hr. 

15 3 


6 days 

16 5 


14 days 

16 5 



The figures in Table 1 are plotted in Figs. 34 and 35. 

Table 2. — Results of Reheating and Reaging Metal 2 V 2 Days after Casting 

Bnnell Hardncas 


Temperature to Which 
Heated, Deg. C 

Before 1 
Heating j 

1 Hr. 

Time of Aging after Heating 

2 Days 4 Days 5 Days 

6 Days 

146 

15 3 

14 5 

i 

14 0 

14 8 - 

15 3 

14.2 (?) 

155 

15 3 

13 7 

11.9 

13 0 1 

13.5 

14 2 

170 

15.3 

12 8 

12 8 

12 8 ! 

13.7 

! 13 7 

185 

14.8 

12.4 

12.4 

12 8 ; 

13 3 

14 0 

200 

14.8 

12.4 

13.3 

13.3 

15 9 

16.5 

218 

14.8 

12.8 

17.0 

19.3 

1 19.3 

j 19.3 

235 

14.5 

13.3 

21.0 

21.8 

I 23.3 

1 23.8 

1 
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The figures from Table 2 giving the effect of aging for six days are 
plotted in Fig. 3. 



Fig. 34. — A(jing of metal as shown by Erichskn test and by Bhixell test. 
Table ‘S.— Kcuulta of Reheating and Reaging Metal 6 Days after Casting 


Bniicll Hardness 


Tcniporature to 
Whieli Heated, 
J:>eg C. 

Before 

Heating 

1 

5 ISIin 

1 Hr. 

Time of Aging after Heating 

1 Day 2 Days 3 Days 

8 Days 

11 Days 

132 

16 5 ; 

15 9 


15 9 

15 9 

15.9 

15.3 

15.3 

156 

16 5 

14 8 

14 5 

14 2 

13 5 

I 13.5 i 

14 2 

13.7 

216 

16 5 

13 7 


16 5 , 

17 2 

17 8 

20.1 

19.3 

237 

I 

16 5 

13 7 

15 0 

20 1 

20 9 

22,8 j 

.. 1 

22.8 

24.5 


Several facts are brought out by the figures in Tables 2 and 3 and Figs. 
1 and 2: 

1. Reheating the cast metal after it has stood 2>2 days causes 
softening which increases with the temperature from 130 to 210° C. 
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2. If the metal is reheated to above 200° C. and quenched in water a 
marked softening takes place but age hardening begins at once. The 
speed and extent of the hardening increases with the temperature of 
the annealing. 

3. After annealing between 170 and 200° C., and quenching in water 
the softening effect is almost as great as at higher temperatures but age 
hardening does not set in for several days and then progresses slowly. 

4. After annealing between 140 and 170° C., and quenching in water 
the metal continues to soften for several days and then commences to age 
very slowly. 



Tcmpera+ur« 4o which Rehealcd 

Fig. 35. — Effect of reheating on hardness. Curve 1 indicates hardness 

IMMEDIATELY AFTER REHEATING. CURVE 2, HARDNESS 6 DAYS AFTER REHEATING. 

5. Metal annealed above 216° C., reaged after 4 days to a greater 
hardness than the original cast sample. 

F. R. Pyne, Perth Amboy, N. J. — In chemical work and electrolytic 
work it has always been customary to use a 6 to 10 per cent, antimony and 
lead alloy for tank linings, the idea being that it was tougher and stronger 
than most of the others. Judging from these curves here, particularly 
the one designated Fig. 25, the hardness is much lower than the 3, while it 
is higher than the 4, and in Fig. 4 the tensile strength of the 10 per cent, 
alloy is much less than it is from 2 to 4. 
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R. S. Dean. — There is no question but that if you properly heat treat 
a 2 or 3 per cent, alloy you will have a higher tensile strength 
and hardness. There are some purposes for which a considerable 
amount of antimony is necessary. 

R. S. Archer, Cleveland, O. — Several years ago we did some work on 
magnesium-rich alloys containing aluminum, and we also found that they 
showed this heat-treating and age-hardening effect. It is interesting to 
note that we found a rate of aging effect similar to that pointed out by Mr. 
Dean for the lead-antimony alloys; that is, we found that the age-harden- 
ing depended to quite an extent on the rate of cooling from the higher 
temperature or solution heat treatment. We did not find, however, that 
the extent of hardening differed as much as in the lead-antimony alloys. 
We found that the hardness attained was not greatly different but that 
the rate of attaining it was quite different. 

We have always felt that there was some question about the use of the 
electrical conductivity method for investigating solubility. In the alum- 
inum alloys the effects are not nearly as simple as in the lead-antimony 
alloys. The first age-hardening is accompanied very often by an increase 
in resistance, whereas precipitation would theoretically be accompanied 
by a decrease in resistance. The complete age-hardening at higher 
temperatures is nearly always accompanied by a decrease in resistance. 
We do not know why that is, but I might venture the suggestion that the 
arrangement of the precipitate is rather vital and that perhaps in the first 
stages of precipitation there is a more or less complete envelope pre- 
cipitated around the grains which has a low specific conductivity, and 
that in the later stages that envelope breaks up and spheroidizes, allowing 
a decrease in electrical resistance to be manifested. 

Cm. O. IIikrs, New York, N. Y. — I would like to ask if the amount of 
of the metal has a great effect upon the hardening? 

R. S. Dean. — Yes, it does have; if the metal is worked after the 
quenching, but before the hardening, it increases the speed of hardening 
and at the same time decreases the amount of hardening; that is, it acts in 
the same general way as an increase in temperature would do. It causes 
the particles of separated material to coalesce more rapidly and to 
a greater extent than would otherwise be the case. 

G. O. Hiers.— How about the effect of the grain size before the 
heat treatment? 

R. S. Dean.— T he old grains still remain, and we like to keep them as 
small as possible because the large grains are considerably more brittle. 

J. S. McClenahan, New York, N. Y.— How, with a 2^ mixture, 
having a very good hardness feature, does the curve of expansion and 
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contraction work out with regard to the percentage of antimony and lead 
mentioned? Is the tendency to buckle greater or less? 

R. S. Dean. — We have not determined the coefficient of expansion. 
There is a small volume change which goes on with the hardening process; 
that is, as the alloy hardens, it increases in volume, but we have not deter- 
mined the coefficient of expansion in either the hard or the soft state. 

E. H. Darby', Rome, N. Y. — Mr. Dean, have you carried your 
investigation along the line of the lead-tin-antimony alloy any further? 

R. S. Dean. — We have. 

K. H. Darby. — Do you find the same properties are present there? 

R. S. Dean. — The lead-tin alloy shows an age-hardening. W'e are 
making, and have made, investigations with antimony and tin alloys on 
which we hope to report later. At this time tliere is not a great deal to be 
said except that the lead-antimony-tin alloys do age-harden. 
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A Preliminary Study of Magnesium-base Alloys 

By Bpmm.ky Stoughton* and M. Miyake, f Bethlehem, Pa. 

(New York Meeting, February, 1920) 

The importance of magnesium alloys as engineering materials has 
increased rajiidly in the past few years. The most important properties 
of magnesium alloys are their lightness and strength, which result in 
their extensive use in aircraft and automobile construction. Recent 
progress in the metallurgy of magnesium seems to offer hope of the 
production of the pure metal at a reasonable cost. The use of magne- 
sium would doubtless increase greatly if it could be produced at a cost 
comparable with that of aluminum. 

A preliminary survey of the magnesium-base alloys shows that the 
most promising from a practical standpoint are magnesium-aluminum 
and magnesium-zinc as binary alloys, and magnesium-zinc-aluminum as 
ternary alloys. The research reported in this paper is a preliminary 
study of binary magnesium-aluminum and magnesium-zinc alloys, 
as an introduction to a series of further investigations. 

M AGX ESlUM-ALUxMIXUM SYSTEM 

The magnesium-aluminum system was first studied by Boudouard,^ 
who merely determined the liquidus. An accepted constitutional dia- 
gram was given by Orube,- who found a compound Al 3 Mg 4 (melting 
point = 4(52.7° C.) and two eutectics at 35 percent, magnesium (451.6° C.) 
and at 68 per cent, magnesium (440° C.) Between the first eutectic and 
the compound a solid solution exists. This diagram was checked or 
supplemented by Pecheux,*'^ Broniewski,'^ Eger,''^ Schirmeister/ VogeP 

* Profesisor of Metiillurgy, Lehigh University. 

tGrathiate Student, Department of Metallurgy, Lehigh University. 

K). Boudouard: Sur les alliages d’aluininium et de magnesium. Comp, Rend. 
(1901) 132 , ld25; 133 , 1003; Bidl Soe. Chim. (1902) 27 , 5, 45. 

2(1. Grube: tJber Magnesium- Aluminiuinlegierungen. Zcit. anorg. Chem. (1905) 
46 , 225. 

® H. P^cheux: Contribution h. r6tude des alliages de raluminium. Rev. Gen. Sci. 
(1907) 18 , 109. 

* W. Bronievvski: Sur les propri(3tes eleetriques des alliages aluminium-magnesium. 

Comp. Rend. (1911) 162 , 85. 

K4. Eger: Studie i'lber die Konstitution der ternaren Magnesium-Aluminium- 
Zink Legierungen. InL Zed. Mctalloq. (1913) 4 , 42. 

* U. Schirmeister: Erganzung des Aluminium-Magnesium-Zustanddiagrames. 
Metall u. Erz. (1914) 11 , 522. 

^R. Vogel: Bber teriiare Legierungen des Aluminiums mit Magnesium and 
Kupfer. Zdt. anorg. Chem. (1919) 107 , 265. 



542 


A PRELIMINARY STUDY OF MAGNESIUM-BASE ALLOYS 


and Merica, Wallenberg, and Freeman.® 

Recently this system was thoroughly studied and an excellent con- 
stitutional diagram was given by Hanson and Gayler.® The diagram, 



Fig. 1. — Equilibrium diagram of Hanson and Gayler.® 


modified considerably from those of earlier investigators, is shown in 
Fig. 1. There occur two compounds, Al 3 Mg 2 and AUMga, and three 
eutectics. Both the pure metals and the compounds form solid solutions. 
The solid solubility of magnesium in aluminum is indicated as approxi- 
mately 12 per cent, at 448° C. and 10 per cent, at room temperature. 
According to Merica and his associates,® aluminum dissolves about 12.5 


® P. D. Merica, R. G. Waltenberg, and J. R. Freeman, Jr.: Constitution and 
Metallography of Aluminum and Its Light Alloys with Copper and with Magnesium. 
Set. Papers, B. S. (1919) 337; Trans. A. I. M. E. (1920) 66, 3. 

* D. Hanson and M. L. V. Gayler: Constitution of the Alloys of Aluminium and 
Magnesium. Jrd. Inst. Metals (1920) 24 , 201; Engineering (1920) 110 , 788, 819. 
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per cent, of magnesium as Mg 4 Al 3 (really Al 3 Mg 2 ) at 450"^ C. and the 
solubility of the compound decreases with decreasing temperature. At 
300® C. the solubility is about 5.9 per cent. The later investigation 
of Ohtani^® shows the solid solubility is approximately 9.7 per cent, 
at 400° C. and 7.3 per cent, at 320° C. MehP^ studied electrically the 
beta + gamma field, and set the limit of the gamma field at 49.8 per cent, 
magnesium. According to Hanson and Gayler’s diagram, the solid 
solubility of aluminum in magnesium is about 10 per cent, at 435° C., 
decreasing somewhat as the temperature falls. The experiments by 
the Aluminum Co. of America, however, show that the solubil- 
ity at 435° C. is somewhat greater than 10 per cent., and that it 
decreases more rapidly with falling temperature. The diagram of 
Hanson and Gayler shows no indications of transformations below the 
temperature of the solidus. 


Mechanical Properties of Magnesium-aluminum Alloys 

Aluminum seems to be the most favorable alloying metal for magne- 
sium, because it not only has a low density, but is near to magnesium in 
the electrochemical series. The mechanical properties of the magnesium- 
aluminum alloys were fully investigated by the Dow Chemical Co., and 
jointly by the Aluminum Co. of America and the American Mag- 
nesium Corp. DowmetaV^ sold by the Dow Chemical Co., is 
basically a series of alloys of magnesium and aluminum. The American 
Magnesium Corpn. sells various magnesium-aluminum alloys under the 
trade name of Greyhound brand. 

The more important mechanical properties of magnesium-aluminum 
alloys, as reported by Gann^^ of the Dow Chemical Co., are shown in 


B. Ohtani: Alloys of Aluminium-Magnesium. Jnl. Cheryj. Ind. [Japan] (1922) 

26 , 36. 

R. F. Mehl: Preparation of Pure Alloys. Trans. Am. Electrochem. Soc. (1924) 

46 , 149. 

“Magnesium.” A Handbook by the American Magnesium Corpn., Niagara 
Falls, N. Y., 1923. 

Anon: New Light Piston Alloy. Aufoynot. Ind. (1919) 41 , 161. 

E. J. Jenkins: The New Alloy of Magnesium. Iron Age (1920) 106 , 193. 

G. Gaulois: A New Magnesium Alloy for Motor Pistons. Sd. Arn. (1920) 123 , 

519. 

Anon: New Light Piston Alloy, Dowmetal. Automot. Ind. (1920) 42 , 967. 

J. A. Gann: Dowmetal and Its Applications. Trans. Am. Soc. Steel Treat. 
(1922) 2 , 607. 

J. A. Gann: Recent Progress in Magnesium Alloys. Jnl. Ind. A: Eng. Chem. 
(1922) 14 , 864, Raw MateHal (1922) 6 , 394. 

i®S. K. Colby: Marketing Magnesium. Eng. & Min. Jnl.-Pr. (1924) 118, 51. 
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Fig. 2. The curves A refer to cast metal and B to metal heat treated 
for two hours at 800° F. (427° C.). The curves showing per cent, 
elongation and per cent, reduction in area have been omitted. They 
both begin at about 5 per cent, for pure magnesium, rise rapidly to 8 to 
10 per cent, at an aluminum content of 4 per cent., and gradually decrease 
to 1 per cent, at 12 per cent, aluminum. The Brinell hardness is roughly 
proportional to the aluminum content, varying from 35 to 40 for pure 
magnesium up to 140 to 150 for a 30 per cent, aluminum alloy. 



Fig. 2. — Strength of some alloys of magnesium with aluminum, (Jann.^ (.4) 
Cast metal, (JB) heated for 2 hr. at 427° C. 

In Fig. 3, the data given by the joint research of the Aluminum Co. 
of America and the American Magnesium Corpn.^'-^^ are shown. 
The curves A refer to sand-cast metal and B to extruded metal. The 
results are approximately in agreement with those of Gann, and show 
the superiority of the 4 per cent, to 12 per cent, aluminum alloys. 
The alloys can be materially improved in mechanical properties by 
mechanical working. Almost the same figures are obtained by rolling 
as by extrusion. Aitchison^^ gave the figures of Table 1 for the 6 per 
cent, aluminum alloy. 

20 Anon: Magnesium. Chem. & Met. Eng. (1924) 31 , 383. 

21 L. Aitchison: Mechanical Properties of Magnesium Alloys. Jnl. Inst. Metals 
(1923) 29 , 17; Engineering (1923) 116 , 312; Metal Ind. (N. Y.) (1923) 21 , 279; Metal 
Ind, (Lond.) (1923) 22 , 222; Min & Met. (1923) 4 , 288. 
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Table 1. — Alloy of Magnesium with 6 Per Cent. Aluminum 

Elastic Limit, Yield Point, Ultimate Str , Elongation, 
Lb per 8q. In. Lb. per Sq. In. Lb. per Sq In. Per Cent. 

(Jastbar. . . 4,000 12,200 24,000 .5.0 

Jiolled strip . . 12,500 37,200 41,500 7.5 

Extruded rod . 42,000 

The strength of these alloys can be further increased by chill-casting. 
Maybrey2=^ gave the results shown in Table 2. 

Table 2 

Pure Magnesium 6 Per Cent Aluminum 

Ultimate Str., Elongation, Ultimate Str., Elongation, 

Lb per Sq In. Per Cent. Lb. per Sq. In. Per Cent. 


Chill-cast 17,700 4 25,800 5 

Sand-cast 15,200 5 20,000 7 


The magnesium-aluminum alloys not only possess excellent mechan- 
ical properties, but have a remarkably low density even in the 12 per cent, 
aluminum alloy. The density of the alloys is given in Table 3.^2.20,23 

Table 3. — Density of Magnesium-nluminum Alloys 


Aluminum, per cent 0 2 4 6 8 10 12 

Density 1 74 1 75 1 77 1.78 1.79 1.81 1.82 


The Dow Chemical Co. recommends the 8 per cent, aluminum alloy 
for casting purpose, and calls it Dowmetal The physical and 

mechanical properties of Dowmetal are given in Table 4. 

Table 4. — Dowmetal A^^ 


Tensile strength 25,000 lb. per sq. in. 

Elongation 4 per cent. 

Specific tenacity ... 14,000 lb. per sq. in. 

Compressive strength . . 44,000 lb. per sq. in. 

Brinell hardness ... 55 

Thermal conductivity (20'’-350" C.) . . . . . 0.200 

Thermal expansion (20°-400° C.) 0.29 X 10“^ 

Melting point 615° C. 

Specific gravity 1 8 


Heat Treatment of Magnesium-aluminum Alloys 

The magnesium alloys containing 4 per cent, or more aluminum can 
be improved in mechanical properties by a suitable heat treatment. 

2 * H. J. Maybrey: Magnesium in the Foundry. Foundry Trade Jnl. (1923) 28 , 
227; Metal Ind. (N. Y.) (1923) 21 , 398; Metal hid. (Lond.) (1923) 23 , 315; Foundry 
(1924) 62 , 96; Mech. World (1924) 76 , 12. 

25 L. Aitchison: Materials in Aircraft Construction. Jnl. Royal Aeronaut. Soc. 
(1924) 28 , 238; Proc. Inst, of Auto. Eng. (1924) 18 , 557; Automotive Ind. (1924) 60 , 
924, 970. 

VOL. LXXIII.— 35. 
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It is reported by Gann,^^ and by the Aluminum Co. of America 
and American Magnesium Corpn.^^ that the strength and elongation of 
cast alloys are improved by heating the alloys for some hours at a tem- 
perature in the vicinity of 425° C. According to Gann, complete solid 
solution is produced in the 8 per cent, aluminum alloy in 4 hr. at 820° F. 
(438° C.) while 24 hr. are required at 750° F. (400° C.). However, the maxi- 
mum increase in strength occurs long before complete solid solution is 



Fig. 3. — Some mechanical prop- 
erties OF SOME ALLOYS OF MAG- 
NESIUM WITH ALUMINUM. 20 

Sand-cast metal; ( B ) Extruded 
METAL. 



Fig. 4. — Some mechanical prop- 
erties OF magnesium-aluminum 
alloys after artificial ag- 
ing,^^*2° (A) Cast metal; (/i) 

EXTRUDED METAL. 


reached, although some eutectic is left undissolved. As shown in Figs. 
2, 3, and 4, not only do heat treatment and mechanical treatment increase 
the strength of the alloy; they shift the position of the maximum tensile 
strength towards higher aluminum alloys. The per cent, elongation 
curve is the same as for the original castings up to 2 per cent, aluminum, 
and then follows the same tendency to shift the maximum as the other 
heat-treated curves, while the Brinell hardness is slightly lowered by the 
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heat treatment. The Aluminum Co. of America and American 
Magnesium Corpn. explain that the improvement in strength and elon- 
gation by this heat treatment is due to the solution of free magnesium- 
aluminum compound. 

According to the Aluminum Co. of America and American 
Magnesium Corpn., if the alloy, either cast or worked, is cooled rapidly 
after this heat treatment and is reheated to a temperature of from 150° 
to 250° C. for a number of hours, the magnesium-aluminum compound 
precipitates out of solid solution in very small particles and causes 
hardening. This fact is quite analogous to the hardening and increasing 
in strength of aluminum-copper alloys by the quenching followed by 



FkJ. 5. Al 4 PER CENT., S\ND-CA.ST. 

X 100. ]<>cnEr) with 2 per cent. 


IIN0.1. 



Fig. 6. — Al 4 per cent., chill-cast. 
X 100. Etched with 2 per cent. 
IINO 3 . 


so-called ''artificial aging,'' advanced by Archer and Jeffries. An 
example of the mechanical properties of magnesium-aluminum alloys 
subjected to this artificial-aging treatment after quenching is shown in 
Fig. In those curves, A refers to cast alloys and B to extruded 

alloys. It will be noted that the maximum strength in these alloys is 
55,000 lb. per sq. in. obtained from 10 per cent, aluminum alloy extruded, 
quenched, and artificially aged. The corresponding elongation is only 
2 per cent. The highest value for elongation is 20 per cent, with 4 per 
cent, aluminum alloy as extruded, or extruded, quenched, and artificially 
aged, and the corresponding strength is 36,000 lb. per sq. in. 

Microstructures of Magnesium-aluminum Alloys 

The microstructures of sand-cast and chill-cast alloys are shown in 
Figs. 5 to 10. The grains of delta s olid solution are partly or entirely 

S. Archer and Z. Jeffries: New Developments in High-strength Aluminum 
Alloys. Trans. A. I. M. E. (1925) 71f 828, 
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surrounded by the eutectic. The size of grain and the amount of 
eutectic depend on the content of aluminum and the rate of cooling. In 




Fig. 7. — Al 8 per cent., saxND-cast. Fig. 8. — Al 8 per cent, chill-cast 
X 100. Etched with 2 per cent. X 100. Etched with 2 per c’ent. 
HNO 3 . HNO 3 . 

the alloys having higher content of aluminum and more rapidly cooled, 
the amount of eutectic is greater and the size of grain is smaller. It will 
be seen in Fig. 1 that magnesium can hold nearly 10 per cent, aluminum 



Fig. 9. — Al 12 per cent., sand-cast. 
X 100. Etched with 2 per cent. 
HNO.3. 



Fig. 10. — Al 12 per cent., chill-cast. 
X 100. Etched with 2 per cent. HNC).,. 


in solid solution. The castings have cooled so rapidly, however, that 
there was not sufficient time for complete equilibrium to be established, 
and even the lower per cent, aluminum alloys retain some eutectic. 
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A hardness test (Brinell, 500 kg., 10 rnm., 30 see.) shows that the 
hardness of the alloys is directly proportional to the amount of eutectic 
and inversely proportional to the size of grain. The Brinell hardness of 
the cast alloys is shown in Table 5. 


Table 5 . — Brinell Hardness of M agnesium-alurninum Alloys 

Aluminum, 

Per Cent. Sand-cast (aiiLi.-cAST 



Fig. 12. Fig. 13. 

Fig. 11. — Al 4 per cent., sand-cast, heat-treated. X 100. Etched with 
2 per cent. HNO 3 . 

Fig. 12.' — Al 8 per cent., sand-cast, heat-treated. X 100. Etched with 
2 per cent. HNO3. 

Fig. 13.— Al 12 per cent., sand-cast, heat-treated. X 100. Etched with 2 
per'cent. HNOs. 




550 A PRELIMINARY STUDY OF MAGNESIUM-BASE ALLOYS 

As previously stated, the alloys can be improved in mechanical 
properties by simple heating at a temperature somewhat below the 
solidus. In Figs. 11 to 13, the microstructures of sand-cast alloys heat 
treated at 430° C. for 2 hr. are shown. It will be noted that the size of 
grain grows and the amount of eutectic decreases. As already stated, 
the higher aluminum alloys can be hardened by quenching from a tem- 
perature below the solidus followed by an artificial aging at a temperature 
between 150° and 250° C. In order to obtain the best mechanical prop- 
erties an extended period of time of heating and reheating may be 
required, but it was not feasible to test this question during the present 
investigation. Results were obtained of the change of hardness of the 
alloys due to heating for 2 hr. at 430° C., quenching in water, and reheat- 
ing for 4 hr. at 170° C. The results of Brinell hardness test, as shown in 
Table 6, exhibit a material increase of hardness in the 12 per cent, 
aluminum alloy, especially in the chill-cast alloy. 

Table 6. — Brinell Hardness of Some Magnesium-aluminum Alloys 



Sand-cast 

Chill-cast 

Aluminum, 

- - - 


Per Cent. 

Original Caatin*, ! 

i Orig.nalCa3t.ng, 


4 1 

44 

45 

49 

48 

6 1 

49 i 

49 

57 

55 

8 i 

55 

57 

65 

62 

10 

59 ! 

70 

74 

86 

12 i 

65 ; 

79 

80 

100 


The alloys, when aged at the room temperature for seven days after 
quenching, did not show any change in hardness. The microstructures 
of the sand- and chill-cast alloys with 12 per cent, aluminum, before and 
after the artificial aging, are shown in Figs. 14 to 17. 

Some difficulty was experienced at first in developing the structure of 
these alloys. The most satisfactory method seems to be to rub the 
polished surface of the specimens a few times with a swab of cotton 
wetted with a 2 per cent, alcoholic solution of nitric acid. All the 
photographs shown were etched by this method. 

Magnesium-zinc System 

The magnesium-zinc system was first studied by Boudouard,^^ who 
merely determined the liquidus. An accepted constitutional diagram 

2* O. Boudouard: Les alliages de zinc et de magnesium. Comp. Rend. (1904) 139 . 
424 . 
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was given by Grube,^^ which was checked by Bruni, Sandonnini, and 
Quercigh,27 Eger,^^ and Pierce. ^9 



Fl(J. 14. Al 12 PER CENT., SAND-CAST, FiG. 15. Al 12 PER CENT. CHILL-CAST, 

QUENCHED. X 100. KtCHED WITH 2 QUENCHED. X 100. EtCHED WITH 2 
PER (’ENT. ITNOs. PER CENT. HNOv 



Fig. 16.— Al 12 per cent., sand-cast, Fig. 17.— Al 12 per cent., chill-cast, 
REHEATED, X 100. EtCHED WITH 2 REHEATED. X 100. EtCHED WITH 2 
PER CENT. HNO3. per CENT. HNO3. 


The Grube-Eger diagram is shown in Fig. 18. It shows a compound, 
MgZnj (590° C.) and two eutectics, one at 51.1 per cent, zinc (355° C.) 

G. Grube: Uber die Legierungen des Magnesium mit Kadminium, Zink, Wismut 
und Antimon. Zeil. anorg. Chon. (1906) 49, 77. 

27 G. Bruni, C. Sandonnini and E. Quercigh: Uber die ternaren Legierungen von 
Magnesium, Zink und Kadmium. Zeit. anorg. Chem. (1910) 68, 78. 

28 G. Eger: Studie iiber die Konstitution der ternaren Magnesium-Aluminium- 
Zink Legierungen. Int. Zeit. Metallog. (1913) 4, 46. 

29 W. M. Peirce: Studies on the Constitution of Binary Zinc-base Alloys. Trans. 
A. I. M. E. (1923) 68, 781. 
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and the other at 96 per cent, zinc (369° C.). This diagram has been 
confirmed by Pierce; namely, that there is no solubility on the zinc side, 
but it misses a solid solution on the magnesium side, which one of us has 
noted, as follows: At the eutectic temperature, magnesium holds more 
than 10 per cent, of zinc in solid solution. This solubility decreases as 



Fi(j. 18 , — Grube-Eger equilibrium diagram of magnesium-zinc alloys. 


the temperature drops. This observation is important in connection 
with the heat treatment of the magnesium-zinc alloys. 

Mechanical Properties of Magnesium-zinc Alloys 
The mechanical properties of magnesium-zinc alloys seem to resemble 
those of the magnesium-aluminum alloys. The tensile strength and 
specific gravity, as given by Aitchison,23 are shown in Table 7. 

Table 7. — Tensile Strength and Specific Gravity of Magnesium-zinc Alloys 


IViAX. STRENGTH, 

Per Cent. Lb. per Sq.^In. Sp Gr. 

4 12,300‘ 1.78 

5 13,500 1.79 

6 17,200 1.81 

7 21,000 1.82 

8 25,000 1.84 

9 21,300 1.85 

10 18,000 1.87 

11 17,200 1.89 

12 16,600 1 . 91 
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According to the Dow Chemical Co.,®® the 5 per cent, zinc sand-cast 
alloy has the following mechanical properties: 


Tensile Strength, Elongation, 

Lb. per Sq In. Per Cent. 


Brinell Hardness 


25,600 


7.4 


41 


Maybrey-^ reports that the 8 per cent, zinc alloy has the mechanical 
properties shown in Table 8. 

Table 8 

Tensile Strength, Elongation 
Lb per Sq. In. Per Cent. 


Chill-cast 24,200 3 

Sand-cast 20,400 4 


^‘Elektron/’ is. 21. si to 46 n^^de by the Chemische Fabrik Griesheim- 
Elektron, Frankfurt a. M., Germany, is practically a series of magnesium- 
zinc alloys. Their analyses are summarized as follows : 


Physical Properties of Materials. Circ. 101, Bur. of Stds. (1924) 124. 

F. Thomas: Fher das Vergiessen von Elektronmetall. Stahl u. Eisen (1920) 40 , 
290; Elckt. u Masch. (1920) 38 , 306; Brass Wld. (1920) 16 , 342; Metal Ind. [Lond.] 
(1920) 17 , 107. 

Anon.: New High Magnesium Alloys. Automotive Ind. (1920) 42 , 1343. 

Anon,: Electron. Tech. Rev. (1921) 8, 162. 

S. Beckinsale: The Magnesium Alloy: Electron. Jnl. Inst. Metals (1921) 26, 
375; Metal Ind. [N. Y.) ( 1921 ) 19 , 433; Mc/aZ /nd. [Lond.] (1921) 19 , 305; 

(1921) 112 , 641; Foundry (1921) 49 , 821; VElecirician (1922) 63 , 297. 

E. Weinwurm: Das Elektronmetall. Chem. Zeit, (1921) 46 , 579; Elekt. u. 
Masch. (1921) 39 , 516; Genie Civil (1921) 79 , 593. 

C. Grard: Les alliages lagers et leur emploi en a^ronautique. Bidl. Soc. d’Enc. 
(1921) 133 , 863; Rev. Met. (1921) 18 , 567; Rev. Gen. Elec. (1921) 10 , 27; Chem. & Met. 
Eng. (1922) 26 , 798. 

A. Bregman: Electron Metal. Met. Ind. [N. Y.j (1922) 20 , 1. 

38 Anon : Magnesium Alloys in Engineering. Prac. Eng. (1922) 66, 404. 

3»L. Guillet: I^es alliages Egers: Leurs r6ceiits progres. Rev. Mei. (1922) 19 , 


688 . 


Giesserei Zeit. (1922) 19 , 599; Mech. Eng. 
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Mg. 91.59-95.34 Cu 0-0.74 

Zn. . 4.24- 7.64 Sn 0-0.35 

Al.. O- 1.60 Mn 0-0.08 


The more important physical and mechanical properties of a few 
kinds of “ Elektron are given in Table 9. 

Table 9 . — Physical and Mechanical Properties of Elektron 


AZ 


ZI VI 

Wrought Alloy Specially Hard, Strong Alloy 


Cast Alloy 

Extruded Hard-rolled Extruded 


Elastic limit, lb. per sq 






in 

4,300- 7,000 

8,500-10.000 


31,000 

38.000 

Proportional limit, lb. 






per sq. in 

8,500-13,000 

21.000-26.000 


40,000-43,000 

45,500 48,000 

Tensile strength, lb per 






sq. in 

17,000-21,000 

37.000-40,000 

41.000-45,500 

48,000^51,000 

60,000 63,000 

Elongation, per cent. . . . 

2- 4 

18-22 

2- 3 

10-12 

3-5 

Compressive strength, 






lb. per sq in 

38,000-40.000 

50,000 


58,000 

77,000 

Brinell hardness 

44-46 

46-50 

56-65 

75 

90 

Electric conductivity . 

15-16 

16-18 




Thermal conductivity. 

0 32 

0 32 




Specific heat 

0 24 

0 24 




Thermal expansion 


0 000026 




M. P , degrees Centi- 






grade 

630 

635 




Specific gravity 

1.80 

1 81 


1.83 



Elektron can be extruded, rolled or drawn at 400° C., and forged 
at 220° to 250° C. Cold working causes brittleness, but the ductility is 
recovered on annealing. 

Heat Treatment of Magnesium-zinc Alloys 

The mechanical properties of magnesium-zinc alloys may be im- 
proved by a suitable heat treatment just as in the magnesium-aluminum 
alloys. The most important fact discovered by one of the authors is 
that the magnesium-zinc alloys can be hardened materially by quenching 
from a temperature somewhat below the solidus, followed by reheating 
to a temperature higher than room temperatures (so-called artificial 
aging). No hardening effect occurs when the alloys are aged at room 
temperatures for several days after quenching. An enormous increase 
in hardness is obtained by heating some of the magnesium-zinc alloys 
for 2 hr. at 340° C., quenching in water, and then reheating for 4 hr. at 
150° C. This is shown in Table 10. 

It will be seen that the effect is especially great in high-zinc and chill- 
cast alloys. By the proper selection of temperature and time, excellent 
results may be expected. The effect of quenching and reheating the 
magnesium-zinc alloys, together with the solubility of MgZn 2 in magne- 
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Table 10. — Brinell Hardness of Quenched and Artificially Aged Alloys 
of Magnesium and Zinc 



— j 

Sand-caat | 

1 

Chill-cast 

Zinc, 

Per Cent. 

Original Castings 

Quenched and 
Reheated 

> i 

Original Castings 

Quenched and 
Reheated 

5 

43 

47 

48 

57 

8 

50 

58 

57 

70 

10 

54 

67 

63 

85 

12 

57 

76 

09 

93 


sium, offers an important subject for research, which we hope to be able 
to prosecute at some future time. 




Fig. 19.— Zn 8 per cent., sand-cast. X Fig. 20.— Zn 8 per cent., chill-cast. X 
100 . Etched with 2 per cent. HNO 3 . 100. Etched with 2 per cent. HNO 3 . 



Fig. 21. — Zn 12 per cent., sand-cast. 
X 100. Etched with 2 per cent. HNOa. 


Fig. 22.— Zn 12 per cent., 

X 100. Etched with 2 per cent. Him U|. 
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Microstructures of Magnesium-zinc Alloys 

The microstructure of sand- and chill-cast alloys containing 8 and 
12 per cent, zinc are shown in Figs. 19 to 22. The structures resemble 
those of magnesium-aluminum alloys, the grains of magnesium-rich 
solid solution being partly or entirely surrounded by the eutectic. 




Fig. 23. — Zn 12 per cent., sand-cast, 
QUENCHED. X 100. EtCHED WITH 2 PER 
CENT. HNO3. 


Fig. 24. — Zn 12 per cExNT., chili.-cast, 
REHEATED. X 100. EtCIIED WITH 2 PER 
CENT. HNO3. 




Fig. 25. — Zn 12 per cent., sand-cast, 
REHEATED. X 100. EtCHED WITH 2 PER 

cent. HNOj. 


Fig. 26. — Zn 12 per cent., chill-cast, 
quenched. X 100. Etched with 2 per 
CENT. HNO3. 


As previously stated, the magnesium-zinc alloys can be hardened by 
quenching followed by reheating. The microstructures of 12 per cent, 
zinc alloys, heated at 340® C. for 2 hr. and quenched in water, are shown 
in Figs. 23 and 26; and reheated to 150® C. for 4 hr. in Figs. 24 and 25. 
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That there exists a solid solution on the magnesium side is mentioned 
previously. The structures of 8 per cent, zinc sand-cast alloys, heated for 
seven hours at 340° C., and cooled in the air, and of 12 per cent, zinc 
sand-cast alloy, heated for 50 hr. at 340° C. and quenched in water, are 
shown in Figs. 27 and 28. In the alloys containing less than 10 per cent, 
zinc, heated for 50 hr. at 340° C., the eutectic can no longer be found. 

The alloys were etched with 2 per cent, alcoholic solution of nitric 
acid in the same manner as the magnesium-aluminum alloys. 



Fig. 27. — Zn 8 per tent, swd, Fig. 28. — Zn 12 per cent., sand, 
HEATED FOR 7 HR, X 100. EtCHED HEATED FOR 50 HR. X 100. EtCHED 
WITH 2 PER CENT. IINOr, WITH 2 PER CENT. HNO3. 


Summary 

The constitutional diagram and mechanical properties of magnesium- 
aluminum alloys are reviewed. 

A metallographical study of magnesium-aluminum alloys is offered. 

The constitutional diagram of magnesium-zinc alloys is reviewed, 
suggesting the existence of a solid solution on the magnesium side. 

The mechanical properties of magnesium-zinc alloys, including 
'^E^lektron,’^ are reviewed. 

It was found that the magnesium-zinc alloys can be hardened by 
quenching in water from a temperature somewhat below the solidus, 
followed by reheating to a temperature higher than room temperature. 

A metallographical study of magnesium-zinc alloys is offered. 

DISCUSSION 

S. Daniels, Dayton, O. (written discussion).- -I wish to call the 
attention of the authors to my publication on ^‘Magnesium and Its 
Alloys” in the Journal of the American Society of Mechanical Engineers, 
Vol. 47, page 796, 1925. 
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The statement that the hghtness and strength of magnesium alloys 
has led to their extensive use in aircraft and automobile construction is far 
too strong, at least insofar as it applies to aircraft work, for with these 
advantageous properties there are also the disadvantageous to confront. 
In this last industry the use of magnesium-base alloy is still in the experi- 
mental stage, but the situation is promising enough to warrant the belief 
that some application will be found for cast materials and possibly for 
the wrought. 

The analysis range of “Elektron” alloys given on page 554 is not in 
accord with the composition of the casting alloys which have been cur- 
rently supplied by Germany. Three distinct classes of materials have 
been noted and the range of analysis covers a zinc content of from 1 to G 
per cent, and an aluminum content of from 2 to 6 per cent., with 
the ordinary impurities. 

It is interesting to note that the magnesium-zinc alloys are susceptible 
to heat treatment. Perhaps this discovery can be beneficially applied to 
the magnesium-aluminum-zinc series. 

Mention should be made of the 87 magnesium — 13 copper alloy, 
which is a possible material for parts operating at elevated temperatures 
and for certain bearings. 

B. Stoughton. — There is an interesting feature which is not on this 
diagram, and that is that the magnesium will carry 10 per cent, of zinc in 
solid solution, at a temperature of a little over 350° C., and that percentage 
decreases with decreasing temperature. 

The existence of a solid solution and the fact that it decreases with 
falling temperature, has made it possible to apply heat treatment to these 
alloys so as to strengthen them, and notably heat treatment followed by 
artificial aging, because in this case also the alloys appear to be so immo- 
bile at atmospheric temperature that there is no breaking up of solution by 
standing at the ordinary atmospheric temperatures; they have to be 
artificially aged a little bit. 

A. E. White, Ann Arbor, Mich. — A criticism made by automobile 
men with regard to the magnesium base alloys, aside from the question of 
price, is the fact that they are not assured, at the present time, that they 
would be able to get enough metal to take care of their needs. Of course, 
if there is a demand for this metal, there is no question whatsoever but 
what there will be increased production. 

R. S. Dean, Chicago, 111. — I was interested in Prof. Stoughton^s state- 
ment that the quenched or rapidly-cooled alloys apparently showed less 
solubility, as if there were apparently more separation of eutectic. How 
was that determined? Is not the explanation of that the same as we 
found in lead-antimony alloys, that the more rapidly you quenched them, 
the more rapidly the material broke down. In other words, I wonder if it 
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is not a matter of rate; not that there is an actual change in the solubility 
with rapid quenching, but that when you quench, the material comes 
out of solution much more rapidly, so that there is an apparent lowering 
of solubility. 

B. Stoughton. — That was determined by means of the micrographs. 
A good many microsections were studied and some were photographed 
and are given in the paper. I confess that I was greatly puzzled by the 
question. It seems to me that perhaps you have the explanation; that is 
to say, that it is a case of rate of breaking up. Mr. Miyake says that 
equilibrium is not established. 

C. R. Hayward, Cambridge, Mass. — You speak of annealing above 
350° C. That obviously means that melting does not begin, as you 
would expect it would according to this diagram. (See Fig. 18.) 

B. Stoughton. — No, but you can go above 350° without getting to 
the solidus. 

II. II. Richardson, New Kensington, Pa. — What physical tests were 
used in determining the age-hardening after the solution treatment of 
those alloys? 

B. Stoughton. — The Brinell hardness only was used. 

II. H. Richardson. — I think any one who looks at the diagram of 
aluminum-magnesium equilibrium is struck by its symmetry. (Fig. 18.) 
We have done some work at the Aluminum Co. of America laboratories 
on the 10 per cent, magnesium alloy with aluminum base, and found that 
on quenching 10 per cent, magnesium alloys, we got a considerable 
increase in hardness over the chilled-cast condition. We also found it 
possible to artificially age that to a very marked extent. We raised the 
Brinell hardness from 74 to over 100, which is in the range of the treated 
duralumins. The strange part about it, however, was that although we 
could take a quenched 10 per cent, magnesium alloy having a tensile 
strength of 35,000 lb. and a Brinell hardness of 74 to 75, age that and 
raise its Brinell hardness to about 100, we could not increase its tensile 
strength at all, and I wondered if perhaps your age-hardness treatment 
was different from ours, also whether you confined your tests only to the 
Brinell reading. 

We found that there was an increase in Brinell hardness which was 
commensurate with the amount percipitated out of solution. However, 
the alloy became so brittle that it was worthless from a factory stand- 
point. The precipitate was very marked and is easily seen at 500. How- 
ever, it has a very different appearance from O.L. and aluminum 2. I 
wonder if that situation holds with the 10 per cent, aluminum alloy. 

L. ZiCKRiCK, Chicago, 111. — Were the corrosion properties of these 
alloys investigated ; that is was any difference in corrosion observed before 
heat treatment? 

B. Stoughton. — We made no corrosion test. 
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Equilibrium Relations in Aluminum-copper Alloys of 

High Purity 

By E. H. Dix, Jr.,* and H. H. Richardson,! New Kensington, V\. 


(New York Meeting, February, 1926) 

Of all the alloying elements used in commercial aluminum alloys, 
copper stands out as by far the most important, and it is perhaps for this 
reason that the constitution of the aluminum-copper system has received 
the attention of a number of experimenters covering a period of approxi- 
mately 20 years. It would be expected that during this time the equilib- 
rium relations would have been thoroughly and exactly worked out. In a 
general way this is true, but there is a surprising lack of agreement in the 
details of the high aluminum end of the diagram, particularly in regard to 
the sohd solubility of copper in aluminum, which has been given variously 
as 2 per cent, to 5 per cent, at the eutectic temperature. The importance 
of this is much greater than might at first appear to one unfamiliar with 
modern commercial aluminum alloys. This is true because, with one 
exception, the susceptibility of the strong alloys to heat treatment 
depends, in part at least, upon the solid solubility relations of copper in 
aluminum. 

In 1919, Merica, Waltenberg, and Freeman^ published the first detailed 
information on these solubility relations. They found that the solubility 
of copper decreases with falling temperature from about 4 per cent, at 
525° C. to about 1 per cent, at 300° C. and is apparently still diminishing 
at lower temperatures. 

In 1921 there was pubhshed a brief account of the results obtained in 
the National Physical Laboratory, Teddington, England. ^ This labora- 
tory, however, reported that 5 per cent, of copper is soluble in aluminum 
at 540° C., and that this amount decreases to about 3 per cent, at 20° C. 

In the same year Ohtani and Hemmi^ reported a solubility of 4.8 per 
cent, copper at 520° C., 2.6 per cent, at 460° C. and 1.5 per cent, at 420° C. 


* Metallurgist, Research Bureau, Aluminum Co. of America, 
t Assistant Metallurgist, Research Bureau, Aluminum Co. of America. 

1 Constitution and Metallography of Aluminum and Its Light Alloys with Copper 
and Magnesium. Scientific Paper No. 337, U. S. Bur. Standards. 

2 Rosenhain, Archbutt and Hanson: Eleventh Report to Alloys Research Com- 
mittee of Inst, of Mech. Engrs. (1921) 200. 

^Jnl Chemical Industries (Japan) (1921) 24 , 1353. Chem. Abs.^ 16 (1922) 3299. 
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The latter investigation was carried out by means of electrical resistance 
measurements, whereas the former employed microscopic examination. 

The aluminum used in these investigations was probably of the 
highest purity then obtainal>le. Since that time, however, aluminum of 
much higher purity has recently become available through the develop- 
ment, by the Aluminum Co. of America, of a new process for electrolyti- 
cally refining aluminum.^ The present investigation was undertaken 
because of discrepancies in the previously published results and in line 
with the policy of the Aluminum Co. of America-^ to establish the metallog- 
raphy and constitution of aluminum alloys free from the contaminating 
impurities which hampered earlier investigators. This work comprised 
the rechccking of the aluminum-CuAU eutectic temperature and concen- 
tration and the locating of the solidus curve, as well as the microscopic 
determination of the solid solubility of copper in aluminum from the 
eutectic temperature to 200° C. Painstaking metallographic preparation 
and much longer annealing periods than had been previously reported 
have resulted in the locating of a curve of solid solubility which is in fair 
agreement with the results of the National Phj^sical Laboratory, at the 
eutectic temperature, and with those of Merica and his associates at low 
temperatures. However, it is of strikingly different shape from either 
and shows a much greater decrease in solubility from the eutectic tempera- 
ture to 200° C. and below. 


Materials 

The aluminum used in most of the cast specimens was of the following 
analysis: Cu 0.022 per cent., Fe 0.022 per cent.. Si 0.039 per cent., Al, by 
difference, 99.917 pin* cent. Electrolytic copper of 99.77 per cent, purity 
was used. The forged alloys were prepared under the supervision of 
R. S. Archer, and were of the same order of purity. As a check on 
certain observations, some specimens were made from aluminum and 
copper of extreme purity. The analysis of the aluminum follows: Si 
0.007 per cent., Fe 0.009 per cent., Cu 0.007 percent., Ti 0.001 percent., 
other impurities nil, Al (by difference) 99.976 per cent. The copper was 
obtained in the form of foil from J. T. Baker Co., who gave the fol- 
lowing lot analysis: Fe 0.003 per cent., Sb, Sn and Pb none. 

Preparation of Alloys 

In order to avoid contamination of the aluminum, crucibles machined 
from Acheson graphite and stirring rods of the same material were 

^F. C. Frary: Electrolytic Refining of Aluminum. Trans., Amer. Electrochem. 

Soc. (1925) 47 , 259. . . ^ ^ 

® E. H. Dix, Jr.: A Note on the Microstructure of Aluminum-iron Alloys of High 
Purity. Amer. Soc. for Testing Materials (1925). (First paper of this nature.) 

VOL. LXXIII.— 36 . 
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employed. The melting was accomplished in a small electric crucible 
furnace, which offered excellent temperature control. The cast alloys 
upon which most of the determinations were based were prepared by 
melting down the pure aluminum and then adding a 54 per cent, copper 
hardener to make 500 grams of alloy of the desired composition. The 
melt was stirred and poured at an average temperature of 750° C. The 
earlier alloys were cast in a cold graphite mold, giving cylinders in. 
high by % in. in diameter from which specimens were cut and the circular 
cross-section prepared for microscopic examination. 

Since some segregation was occasionally observed in the specimens 
so cast, it seemed desirable to devise a more satisfactory method. A mold 
was designed which consisted of a large block of cast iron into which 
were cut two channels 3^^ in. wide by % in. deep by 9 in. long, connected 
to a pouring basin in such manner as to allow rapid pouring. This 
gave specimens of rectangular cross-section which had been very rapidly 
chilled and, therefore, showed a fine, uniform structure while the amount 
of segregation due to slight piping in the upper surface was approximately 
the same along the entire length of the bar. Annealing apparently 
removed this slight lack of homogeneity so that cross-sections cut from 
different parts of the bar presented a satisfactory degree of uniformity. 
A thin plate sample for chemical analysis was obtained from a cold 
iron mold from each melt. 


Cooling Curves 

To check the freezing point of the eutectic a number of cooling curves 
were run on 200-gm, samples, which were prepared from the aluminum of 
99.917 per cent, purity. A small graphite crucible and protecting tube, 
similar to that recommended by the Bureau of Standards, were employed.^ 
A 0.5 mm. platinum, platinum-rhodium couple, with its insulation, was 
inserted in a pyrex tube to protect it from contamination by the graphite. 
A Hoskins electric crucible furnace 4 in. in diameter by 6 in. deep was 
employed and the rate of cooling regulated by adjusting the furnace 
resistance to give a drop of 1° C. per minute at about 100° C. above the 
eutectic temperature. The couple was calibrated frequently against 
the freezing points of Bureau of Standards samples of zinc and aluminum. 


Thermal Treatment for Solid Solubility 

In order to obtain the solid solubility of copper in aluminum at any 
temperature up to the eutectic temperature it was necessary to put the 
specimen in equilibrium at that temperature and then quench rapidly 


• Tech, Paper No. 170, U. S. Bur. Standards 193, Fig. 123. 
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in order to retain the structure for examination under the microscope. 
The presence of free CuAh in the microstructure would then indicate 
that this particular percentage of copper was in excess of the solubility 
limit at the quenching temperature employed. 

It is evident that because of the number of specimens involved and 
the length of time required for each anneal, some means of treating a 
number at once would be required. A Hoskins electric muffle furnace 
7 % in. wide by 5 in. high by 123^ in. long, equipped with a two-point 
Leeds & Northrup recorder controller, was the most convenient furnace 
available. In order to damp out fluctuations in temperature due to 
the power being thrown on and off by the controller mechanism and to 
insure equal uniformity of temperature for the specimens, the mass of 
an aluminum block 10 in. by 6 in. by 4 in. was employed. Six holes 1 % 
in. in diameter arranged in two horizontal rows and extending to within 
about 2 in. of the back, were drilled in the front of the block. Into these 
holes were inserted close-fitting tubes closed at the front end with plugs 
about 2 in. long, which were flush with the front of the block when the 
tubes were in place, except for a small projecting lug to facilitate handhng. 
Each tube, therefore, formed an annealing chamber in. in diameter 
by 6 in. long. A tube could be quickly withdrawn from the block and 
all of the specimens quenched in a very rapid and satisfactory manner 
without disturbing the remainder of the specimens. Thus the specimens 
which were to be quenched at one temperature were loaded in a single 
tube and quenched at the same rate after exactly the same anneaUng 
treatment. Since a tube would accommodate as many as 15 specimens 
and there were six tubes, it would be possible by one anneal to obtain 15 
points, if necessary, at each of six temperatures. This method has proved 
particularly convenient in mapping out an unknown field. 

The block rested on four legs and was placed centrally in the furnace. 
Chromel-alumel couples were used, one of which was inserted in a hole 
in the back of the block and the junction pinned tightly at a point very 
close to the center of the block. This couple was used to record any 
possible variation in the block temperature. Several times daily it was 
connected to a precision potentiometer to obtain an actual temperature 
reading. The control couple was fastened midway between the top of 
the block and the roof of the furnace. Thus, while the fluctuations in 
the furnace atmosphere, due to the throwing on and off of the power, as 
recorded by the control couple, might be from 8 to 12^^ C., yet, due to the 
mass of the block, the fluctuations in its temperature were less than 1° C. 
A careful survey was made by means of small diameter iron-constantan 
couples peened in blocks inserted in different parts of the annealing cham- 
bers and it was found that no point in the chambers varied more than 3 C. 
from the temperature as indicated by the couple fastened in the center of 
the block. 
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Annealing Methods 

In order to insure equilibrium in the alloys, an annealing period of 
from one week to 11 days at close to the eutectic temperature was 
employed. After this time the first tube of specimens was withdrawn 
and the specimens rapidly quenched. The block was then allowed to 
cool very slowly to the next quenching temperature and held for a period 
and the second tube quenched, and so on until the desired temperature 
range had been covered. The rate of cooling from the annealing tem- 
perature, which would insure equilibrium at temperatures down to 
300 ° C., was ascertained after considerable experimenting and found to 
be much slower at the lower temperatures. In order to supplement the 
results obtained from specimens cooled over this range, either specimens 
which had been retained as homogenous solid solutions by (luenching 
from the annealing temperature were reheated to 300 350 400 and 
450 ° C. and held at these temperatures long enough to insure equilibrium. 
Annealing was also carried out at 200 ° i\ in an oil bath equipped with an 
automatic temperature controller and a Tycos recording thermometer, 
the specimens being left in the bath one and two weeks. 

The location of the solidus line was checked by determining the highest 
temperature at which specimens of a given copper content could be heated 
without showing signs of incipient fusion when examined under the micro- 
scope after quenching. 

In the heat treatment of specimens for the preliminary location of 
the line, a copper block and tubes were substituted for the aluminum, 
because of the higher temperatures involved. The temperature of the 
specimens before quenching was taken as that indicated by the 
chromel-alumel couple fastened in the center of the block. For the final 
determinations, the quenching temperature was obtained by peening an 
iron constantan couple into the .small hole drilled in the individual speci- 
mens. The iron-constantan couples were calibrated against the freezing 
points of pure metals before and after the determination. The effect of 
rapidly quenching the couples in water from temperatures in the neighbor- 
hood of 600 ° C. was found to be slight. The specimens used in these 
determinations were annealed for a period sufficient to insure equilibrium 
at just under the eutectic temperature and then slowly heated to the 
desired quenching temperature and held for 3 2 hr. The variation in 
temperature during the half-hour period was not more than 1° ('., the 
highest point reached during this period being taken as the annealing 
temperature. A precision potentiometer was used with the iron-con- 
stantan couples. 

Metalloorapiiic Examination 

Specimens for metallographic examination were carefully polished, 
employing the best methods available, and yet sufficient surface flow was 



E. H. DIX, JR., and H. H. RICHARDSON 


565 


produced to obscure very small particles of constituents and tiny melted 
areas. Therefore, it was found necessary to etch in some manner to 
remove the surface flow. Even the most delicate etching seems to develop 
polishing defects which were previously unsuspected. For this work 
it was found most satisfactory to swab the specimens with a soft cotton 
swab saturated with 3^2 pcr cent, aqueous HF solution. This satisfac- 
torily removed the surface flow, revealing the CuAb as clear, nearly 
colorless particles with black boundaries. This method of etching was 
found to be much more satisfactory than employing an etching reagent 
which darkened or blackened the CuAlo, for in this case it would be impos- 
sible to differentiate between small particles of the constituent and black 
specks left in polishing. However, with very fine particles of CuAb, 
the boundary effect becomes so pronounced as to give the entire particle a 
black appearance, and hence makes the exact determination a question 
requiring consideral)le experience and judgment. Small particles of the 
iron constituent, prol)ably due to both the silicon and iron impurities, 
were generally colored by the 3 2 per cent. HF. 

The Compound CuAl2 

The single aluminum-copper constituent found in the high aluminum 
alloys is now generally recognized as CuAb. The micrograph of Fig. 16 



Fui. \ a . X 100 Fig. lb . X 100 

Fig. la. — Aluminum-coppeu alloy (58.89 per cent. Ctt). chill cast in graph- 
ite MOLD. Etched 30 se(’. immersion in NaOH. Shows white crystals of 
17 constituent in dark background of CuAl2. 

Fig. 15. — Aluminum-(T)pper alloy containing 53.05 per cent. Cu, chill 
CAST, Etched 30 sec. immersion in NaOH. Shows CuAl2 and small crystal 
OF 7 } constituent. 

illustrates the appearance of this compound when just sufficient copper 
has been added to the aluminum to satisfy this formula. This micro- 
graph is representative of the structure of the hardener used in the prepa- 
ration of the alloys. Fig. la shows the structure of an alloy containing 
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copper in excess of this amount. The new constituent has been desig- 
nated by Stockdale^ as the rj constituent. Due to slight segregation in 
casting there is a small half moon of the rj constituent to be noted in Fig. 



Fig. Ic. X 500 Fig. Id X 500 

Fig. Ic. — Aluminum-copper alloy (35.69 per cent. Cu), chill cast. Un- 
etched. Large primary^ [^crystals of CuAl2 in background of aluminum- 
‘ eutectic. 

Fig. Id — A luminum-copper alloy (33 per cent. Cu), cast in hot graphite 
mold and slowly cooled. Etched 2 hr. immersion in alcoholic picric acid 
solution. Shows eutectic of CuAl2 black and aluminum white. 



Fig. le, X 100 Fig. 1/. X 500 

Fig. le. — Slowly cooled 200-qm. sample of aluminum-copper (33 per cent. 
Cu). Etched 0.5 per cent. HF. Illustrates area of practically pure eutec- 
tic ON WHICH analysis WAS MADE. 

Fig. If. — Area at center of Fig. la at higher magnification. 

16. With aluminum in excess of the compound concentration, primary 
particles of CuAl 2 appear in the ground mass of aluminum — CuAU eutectic 

^Stockdale: Copper Rich Alumimim-copper Alloys. Jnl. Inst. Metals, 28 
(1922). 
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as illustrated in Fig. Ic. The pure eutectic structure etched to blacken 
the CuAU is shown in Fig. Id. 

The eutectic concentration is now generally considered to be close to 
33 per cent, copper. This was confirmed by chemical analyses of the 
central area of a 200-gm. sample of 33 per cent, aluminum-copper alloy 
which was melted down in a graphite crucible and stirred, in order to 
avoid segregation, until solidification began, a very slow rate of cooling 
being used to avoid undercooling. The entire vertical cross section was 
prepared for microscopic examination. It showed the upper central area 



Fig. 2. — A modified diagram of aluminum end of aluminum-copper system. 

to be pure eutectic as illustrated in Figs, le and 1/. This area was marked 
out and two sets of drillings taken. These were analyzed and found to 
contain 33.32 and 32.79 per cent, copper. 

The Modified Diagram 

From the results of this investigation, a modified diagram of the 
aluminum end of the aluminum-copper system is presented in Fig. 2. 

The Eutectic Horizontal 

The eutectic horizontal has been drawn at 548° C. This is in agree- 
ment with the temperature previously determined by C. S. Taylor and 
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reported by Archer and Jeffries.® The determinations made in this 
investigation on aluminum alloys of various copper concentrations follow: 


M No. 

Per Cent. Copper 

Eutectic Temp. ° C. 

1150 

33 

548.5 

677 

12.98 

548 2 

678 

8 01 

547 6 

1183 

6 74 

546 9 

1184 

6 25 

547 0 

680 

5 82 

546 2 

681 

5 47 

545 5 


The temperatures obtained on the higher copper concentrations, 
particularly the eutectic alloy, give a more reliable indication of the 
eutectic temperature than those obtained from the lower copper concen- 
trations. A marked eutectic arrest was found with a copper content of 
5.47 per cent., which is just slightly less than the copper solubility at the 
eutectic temperature. However, microscopic examination of a vertical 
section through a 200-gm. cooling curve ingot showed that considerable 
segregation had taken place and the material surrounding the couple 
appeared to have a copper content of approximately 8 per cent. 

The Solidus Curve 

The solidus curve has been drawn as a straight line from the melting 
point of pure aluminum of 660® (1® to intersect the eutectic horizontal at 
5.65 per cent, copper. The line passes between two points determined 
for the alloy of 2.95 per cent, copper at temperatures of 600 and (iO^i® C., 
respectively. No evidence of melting was observed in the specimen 
quenched from the lower temperature, whereas abundant boundary 
melting was observed in the specimen quenched from the higher tempera- 
ture. The straight line is also in satisfactory agreement with the determi- 
nations made on the alloy of 4.29 per cent, copper. Some difficulty was, 
however, experienced in connection with the examination of the specimens 
of the low copper percentages. This was because some melting appeared 
to take place at much lower temperatures than the temperature at which 
the aluminum-copper solid solution gave indications of definite melting 
at the grain boundaries. For instance, in the alloy containing 2.07 per 
cent, copper, a specimen quenched from as low as 609® C. showed some 
dark rosettes and crescent-shaped particles of unidentified constituent 
which had not been observed previously and which seemed to increase in 


* New Developments in High Strength Aluminum Alloys. Trans. (192.5) Feb. 
®J. D. Edwards: Properties of Pure Aluminum. Amer. Electrochem. Soc. 
(1925) Apr. 
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Fig. 3 a. — Foikjed ah minum-copper alloy (Cu 2.95 per cent ), annealed 

FOR 48 HR. AT 54(F ( \ AVI) THEN HEATED TO 603’ C. FOR ^ HR. AND QUENCHED. EtCHED 
0.5 PER CENT. HF. Shows junction of three grains illustrating first indica- 
tion OF melting, as shown ry bl.\ck, Y-shaped cavity in center. 

Fig. 35. —Forged aluminum-copper alloy (Cu 4.29 per cent.), annealed 
for 48 hr. at 540° C. (Juenched and reheated to 584° C., and held for }'2 hr. 

AND QUENCHED. Et('HEI) 0.5 PER CENT. HF. ShOWS AREA OF SPECIMEN WHERE 
MELTING HAS BEEN PRONOUNCED ALONG GRAIN BOUNDARY. 



Fig. 3c. X 1500 Fig. 3(1. X 3000 

Fig. 3c. — Shows melted area in grain boundary at lower left-hand corner 
OP Fig. 35 at higher magnification. 

Fig. 3(i,— S hows melted area surrounding needle of iron constituent, 
SHOWN IN UPPER LEFT-HAND CORNER OF FiG. 36. 
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quantity as the temperature was raised. They were found in fairly large 
quantities in the specimen quenched from 618° C., but no direct evidence 
of solid solution melting at the grain boundaries could be observed. 
Specimens quenched from fully 10° C. higher showed only slight evidence 
of melting at the grain boundaries. All of this would seem to indicate that 
the lower temperature effects noted were due to some cause other than 



Fig. 3e. X 8000 

Fig. 3e. — S hows regular structure in lower part of Fig. 3c at higher 

MAGNIFICATION. ThE CuAL2 IS SHOWN IN HALF-TONE IN RELIEF ABOVE THE LIGHT 
ALUMINUM. 

aluminum-copper solid solution melting. It was, therefore, felt that the 
straight line drawn as shown on the diagram represented the true condi- 
tions more nearly than either a convex or a concave curve. 

First Evidence of Melting 

The first evidence of solid solution melting was found to be minute 
cavities formed at the junction of three grains, as illustrated in Fig. 3a. 
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Fig. 36 shows pronounced melting along the grain boundaries in a 
forged specimen of 4.29 per cent, copper, which was heated to just 8° C. 
above the solidus curve, as drawn in the diagram of Fig. 2. The large, 
black area in the grain boundary at the lower left of this micrograph is 
shown at much higher magnification in Fig. 3c, which clearly shows the 
effect of rapid cooling caused by the quenching of the specimen when this 
area consisted of a pool of liquid of very close to eutectic concentration. 
Fig. 3c shows the regular formation in the lower left of Fig. 3c at much 
higher magnification and illustrates very clearly the CuAU, which appears 
in half-tone and^ forms the greater area, in contrast to the clear white 
of the aluminum solid solution. Owing to the difference in hardness 
betw^een the CuAl 2 and aluminum, the former stands in relief and the 
boundaries between it and the aluminum overlap so as to give the appear- 
ance of a third dark constituent, but a close examination of Fig. 3c will 
show that this is not true, and that only the constituents previously noted 
are present. 

The effect of even small amounts of impurities as infiuencing the 
melting outside of the grain boundaries is illustrated in Fig. 3d, which 
shows the small area in the upper left of Fig. 36 at much higher magnifi- 
cation. The gray needle of the iron impurity has evidently produced 
melting of the aluminum solid solution around it, which has resolidified 
on quenching, in the characteristic aluminum-CuAb eutectic structure. 
In Figs. 3c and 3d there will be noted irregular black areas which are 
different from the boundary effect mentioned in connection with Fig. 3c. 
This seems to be characteristic of these alloys when heated to high tem- 
peratures, and may be partly responsible for the difficulties encountered in 
connection with the examination of the alloys of lower copper concentration. 

The Solubility Relations 

The solubility curve of copper in aluminum shows a very rapid 
decrease in solubility with falling temperature from slightly over 53^-2 per 
cent, copper at 548° C. to about 2 per cent, at 430° C., the curve being 
practically straight in this range. From this temperature to about 300° C. 
there is a marked slowing up in the rate of decrease, and from 300° C. to 
normal temperatures the rate of change is comparatively slight, although 
no data were obtained below 200° C. The knee of the curve occurs at 
about 385° C. and a copper concentration of per cent. The solubility at 
normal temperatures is certainly less than per cent. There are many 
more determinations to the right of this curve than to the left, which is 
due to the fact that previously published work indicated a much higher 
solubility, particularly at the low temperatures, than was shown by 
this investigation. 

Very careful preparation of specimens and laborious microscopic 
examination, coupled with considerable judgment, was necessary in 
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determining the final position of the curve, for even with the pure metal 
used in this investigation, there were sufficient particles of the iron or 
other constituent present to sometimes result in confusion. The differ- 
entiation between CuAb and other constituents is a very simple matter in 
particles of relatively large size. However, as the particle size decreases 
the differentiation becomes increasingly difficult and in specimens con- 
taining very little of any hard constituent polishing defects introduce 
another source of error. However, it is believed that by the methods 
employed a difference in solubility of }i per cent, is readily detected and 
that because of the large number of points the curve is probably correct 
to even less than this amount. 

Most Interesting Results of Investigation 

The annealing for several weeks at 200° C. of specimens previously 
brought to equilit)rium at higher temperatures yielded the most interest- 



FiCi. 4a. X 3000 Fkj. 4^. X ^>00 

Fig. 4a. — Chill cast aluminum-copper alloy f('u 1.60 per cent.). Annealed 
FOR ONE week AT 520° C., AND THEN SLOWLY COOLED TO ROOM TEMPERATURE. RE- 
HEATED FOR ONE WEEK AT 200° C., QUENCHED AND ANNEALED ANOTHER WEEK AT 
200° C. AND QUENCHED. EtCHED 1 PER CENT. HF. ThIS MI('RO(iRAPH ILLUSTRATES 
EFFECT PRODUCED BY COALESCENCE OF PRECIPITATE TO SIZE WHICH IS PROBABLY 
STILL SUB-MICROSCOPIC. 

Fig. 45. — Same alloy as Fig. 4a. Annealed for 11 days at 540° C., quenched 
IN COLD WATER AND REHEATED TO 300° C. J'OR HR. EtCHED 0.5 PER CENT. 

HF (light). Shows junction of three grains revealing fine, needle-like 

PRECIPITATE OF CuAL2 AND PARTICLES OF CuAL2 (lIGHT) AND IRON CONSTITUENT 
(dark) in grain BOUNDARIES. 


ing results of the investigation. In the specimens containing copper in 
excess of the solubility limit, at this temperature, discrete particles of 
CuAb were found in the grain boundaries and in addition a peculiar 
mottled appearance was noted in the matrix. This condition in an alloy 
of 1.60 per cent, copper, slowly cooled from equilibrium at 520° C., is 
illustrated in Fig. 4a. It was found to be absolutely impossible to 
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Fic;. 4c. X 100 Fig. 4d. X 1500 

Fig. 4c, — AL rMixuM-t’opPER alloy ((’u 0.70 per (ent.) chill cast in iron 
MOLD AND ANNEALED FOR 11 DAYS AT 540° (\ QuExNCHED AND REHEATED AT 200° C. 
FOR TWO WEEKS. KtCHED 0.5 PER CENT HF (hEAVY). ShOWS GRAIN BOUNDARIES 
AND PRECIPITATE. 

Fig. 4(/. — Same specimen a.s 4c. Kt('hed 0.5 per cent. HF. Shows junc- 
tion OF THREE (iRAINS WITH LARGE STRINGER OF CuAL2 AND FINE NEEDLE-LIKE 
PRECIPITATE OF CuAl>. 



Fig. 4c. — Forged aluminum-copper alloy (Cu 0.97 per cent.), annealed 
FOR 11 DAYS AT 540° C. QuENCHEI) AND REHEATED TO 300° C. FOR 120 HR. AND 
QUENCHED. EtCHED 0.5 PER CENT. HF fUGHT), ShOWS AVERAGE STRUCTURE 
ILLUSTRATING CuALj PARTICLES IN GR.AIN BOUNDARIES AND PRECIPITATE IN CERTAIN 
GRAINS WHICH IS UNDOUBTEDLY' EXAGGERATED IN SIZE BY' THE ETCH. 

Fig. 4/. — Aluminum-copper alloy’ (Cu 0.83 per cent.) chill cast in iron 
MOLD, Annealed for 11 day’s at 540° C., then slowly' cooled as follows. 
450° C. IN 48 HR., 400° C. in 168 hr., 300° C. in 288 hr., and then quenched. Shows 

THREE particles OF CuAL2 .\RRANGED ALONG GRAIN BOUNDARIES. 
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definitely resolve particles in this matrix, even at the highest magnifica- 
tions, but there was always a suggestion of uniformly oriented figures 
which indicated that a definite arrangement of a sub-microscopic precipi- 
tate was responsible for these etching characteristics. It was felt that 
if such were the case it should be possible to cause a further coalescence of 
these particles by heating to a higher temperature. This proved to 
be true. 

Fig. 4fe shows the effect of reheating a specimen of the same alloy 
at 300° C. for 101 hr., subsequent to quenching from equilibrium at 
540° C. Particles of CuAb of appreciable size will be found in the grain 
boundaries, together with smaller dark-etching particles of the constitu- 
ent formed by the impurities iron and silicon. Figs. 4c and d illustrate 
a similar precipitate in an alloy of 0.70 per cent, copper chill cast in an iron 
mold and annealed for 11 days at 540° C., quenched and reheated to 
200° C. for two weeks. Definite particles of constituent will be observed 
in the grain boundaries and the matrix within the grains has a mottled 
appearance at low magnification which is shown at higher magnification 
to be due to a fine precipitate. In the upper grain, discrete particles will 
be observed which are probably greatly exaggerated by the etching. In 
the grain to the left there will be observed numerous paths extending in an 
irregular manner across the grain. These are areas of clear solid solution, 
the precipitate having apparently coalesced into particles of visible size, 
such as may be noted in the prominent path extending downward from 
the boundary of the two lower grains. The same phenomenon was 
observed at the grain boundaries (see Figs. 46, d, and e). The large, 
dark particle in the center of Fig. 4d is CuAlo which appears dark 
because the focus was concentrated on the particles of precipitate shown in 
the matrix. Fig. 4e illustrates the structure of an aluminum-copper 
alloy of 0.97 per cent, copper, which was annealed for 11 days at 540° C., 
quenched and reheated 120 hr, at 300° C. and quenched. 

In the micrograph of Fig. 4/ are shown three particles of CuAlo, 
arranged along the grain boundary of an alloy of 0.83 per cent, copper, 
chill cast in an iron mold and annealed for 11 days at 540° C. and then 
slowly cooled as follows: 48 hr. to 450° C., 168 hr. to 400° C., 288 hr. to 
300° C. and then quenched. This concentration is just slightly to the 
right of the solubility curve at 300° C. and only a few such particles were 
observable in this specimen. It should be noted that the aluminum solid 
solution appears perfectly clear and has no resemblance to the mottled 
appearance found in the other micrographs of Fig. 4, all of which illus- 
trate alloys which have been reheated after having been cooled to 
room temperature. 

Structure of a Pure Aluminum-copper Alloy 

It may now be of interest to study the structure of a pure aluminum- 
copper alloy in various conditions. The micrographs of Fig. 5 illustrate 
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structures of an alloy containing 4.05 per cent, copper, which roughly 
approximates the amount used in commercial strong aluminum alloys. 
Thus, Fig. 5a shows the structure of this alloy after casting in a hot 
graphite mold and slowly cooling. This is representative of the struc- 
ture obtained in an ordinary sand casting of this composition. Reference 
to the diagram of Fig. 2 will show that had this alloy solidified at a rate 
slow enough to follow equilibrium conditions, the solid alloy at, say 550° C., 
should consist of grains of the aluminum solid solution with no excess 
CuAU. However, owing to selective freezing at a rate too rapid to 
allow the crystals first formed to reach equilibrium, the last hquid 
remaining in the interstices between the primary aluminum dendrites 
had become sufficiently concentrated so that a considerable amount of 
eutectic was formed as a fairly continuous network. 



Fig. 5a. X 100 Fig. 5b. X 100 

Fig. 5 a . — Aluminum-copper alloy (Cu 4.05 per cent.) very slowly solidi- 
fied AFTER CASTING IN HOT GRAPHITE MOLD. EtCHED 0.5 PER CENT. HF (lIGHT). 
Shows average area illustrating formation of CuAl2 network. 

Fig. 5h. — Same alloy cast in cold graphite mold. Etched 0.5 per cent. 
HF (light). Shows average area of specimen illustrating fine network of 
CuAl2, which appears black because of boundary effect due to lacework 
structure of particles. 

Fig. 5b shows the same alloy cast as a cylinder ^4 in. in diameter 
by 2 in. long in a cold graphite mold. This has produced a much more 
rapid rate of solidification, giving a much finer structure and smaller 
particles of CuAb. Although this specimen was etched in the same man- 
ner as that shown in previous micrograph, yet the CuAb appears much 
darker by comparison. This is because of the increased boundary effect, 
particularly since the particles of CuAb are not solid, as they appear at 
this magnification, but are actually in a lacey formation. Fig. 5c 
shows a cross-section of a specimen cut from the bar of Fig. 56, annealed 
for one week at 540° C. and then slowly cooled through a period of 120 
hr. to room temperature. The annealing at 540° C. has caused all of 
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Fig. 5r. X 100 

Fig, 5c. — Specimen cut fkom bar of Fig. 5?>, annealed for one week at 
540® C. AND THEN SLOWLY COOLED THROUGH A PERIOD OF 120 HR TO ROOM TEMPERA- 
TURE. Etched 0.5 per cent. HF. Shows averacje strt ( ture of specimen con- 
taining REGULAR PARTICLES OF CuAl? PREC IPITATE ARRANGED ALONC; GRAIN BOUND- 
ARIES AND UNIFORMLY DISTRIBUTED THROUGHOUT MATRIX. 



COMPLETE SOLUBILITY OF CuAL2 AT THIS TEMPERATURE. BlACK SPECKS ARE POLISH- 
ING DEFECTS REVEALED BY ETCH. 

Fig. 5c. — Specimen from bar of Fig. 56, annealed for 11 days at 540° C., 
QUENCHED AND REHEATED FOR TWO WEEKS AT 200° C. EtCHED 0.5 PER CENT. HF. 

Shows particles of coalesced CuAl2 precipitate differently oriented in 
TWO grains. 
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the copper to go into solution and the slow cooling from this temperature 
has caused the precipitation of these large particles according to the solid 
solubility curve of Fig. 2. It will be observed that particles of CuAU 
are arranged along the grain boundaries and are also uniformly scattered 
throughout the matrix. The general tendency of this precipitate is 
towards very regular and angular particles having definite orientations. 

Fig. bd shows a section of the same specimen as Fig. 55, which 
had been annealed for a week at 540'' C., slowly cooled to 500° C. and then 
quenched. All of the CuAU has disappeared from the microstructure 
and the micrograph, therefore, shows three grains of homogeneous 
alloy. The black specks are due to polishing defects brought out by 
the etching. A portion of this same specimen after a further annealing 
for two weeks at 200° C., show^ed the structure illustrated in Fig. be. 
This shows portions of two grains containing a very fine precipitate of 
particles of ("uAb. The particles of precipitate seem to have formed 
thin plates, having a width perhaps three or four times the thickness 
and a length generally greater than the width. The orientation of the 
upper left-hand grain has been such that the polishing plane has shown 
the thin cross-sections of the plates, whereas the lower right-hand grain 
is oriented so that the flat sections of the plates are revealed, giving the 
appearance of coarser and less numerous particles than in the former 
grain. 

Hardness Values 

The hardness values of the structures illustrated in the micrographs 
of Fig. 5 are of interest. The slowly cooled specimen had a Brinell 
hardness, using a r25-kg. load and a 5-mm. ball, of 39 and the chill cast 
specimen a hardness of 44, whereas the same specimen after slow cooling 
from equilibrium at 540° C. had a hardness of only 30.4. The same speci- 
men (juenched from equilibrium at 540° C. and aged at room temperature 
for approximately one year, showed a Brinell hardness of 65.8. Subse- 
duent aging for nine days at 200° C. gave a Brinell hardness of 68.0. 

Precipitation Theory 

The precipitates shown in Figs, be and 4a to 4e, inclusive, are of 
great interest in connection wdth the precipitation theory, as proposed by 
Merica, Waltenberg and Scott. The statement made by these authors 
may not be out of place at this point: ''A theory of the mechanism of 
hardening of duralumin during aging after quenching from high tem- 
peratures was developed, which is based on the decreasing solubility of 
the compound CuAh in solid solution in aluminum with decreasing tem- 
peratures from 520° G. to ordinary temperatures. It is believed that the 
precipitation of excess CuAl 2 which is suppressed by quenching proceeds 

Heat Treatment of Duralumin. Trans. (1919). 

L— 87. 
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during aging, the precipitation taking place in very highly dispersed 
form. The hardening is due to the formation of this highly dispersed 
precipitate.’^ 

This conclusion was based largely on indirect evidence. These 
authors were unable to obtain evidence in the form of a visible precipitate 
to confirm their deductions, even after reheating 20 hr. at 300° C. It is 
now shown that this precipitate which they considered as being present 
in sub-microscopic form in normal quenched and aged duralumin can 
be produced in a size visible under the modern microscope, at least in 
pure aluminum-copper alloys, by aging for several weeks at 200° C. 
Previously, Mr. Thomas Doran^^ had discovered a precipitate in speci- 
mens reheated within the annealing range. He observed a very fine and 
even dispersion of CuAb in a specimen containing 5.45 per cent, copper, 
which had been quenched from 540° C. and reheated for } 2 hr. at 371° C'. 
He also observed this condition in a specimen reheated to 343° C. 

Slip Interference Theory 

The very regular orientation of the precipitate after it has coalesced 
to a size visible under the microscope also lends additional weight to 
the slip interference theory of Jeffries and Archer,^- who proposed that 
the small particles of this hard and inherently strong constituent should 
be considered to act as keys on the crystallographic planes of easy slip 
of the matrix, thus opposing or interfering with the relative movement of 
crystal fragments along these planes. 

When Merica and his associates first introduced the precipitation 
theory their diagram showed a change in solubility of copper in aluminum, 
from the heat treating temperature to room temperature, of something 
over 3 per cent. The diagram given by the National Physical Laboratory 
several years later showed a difference in solubility of only 2 per cent. In 
discussing high strength aluminum alloys, Jeffries and Archer^^ offered 
a diagram which showed a much greater decrease in solubility with fall- 
ing temperature. The exact shape of the curve had not been determined, 
nor had the solubility of the lower temperatures been carefully investi- 
gated at that time. The modified diagram now presented in Fig. 2 
shows that the true solubility change is close to 5 per cent, and that the 
solubility limit at temperatures below 200° C. is less than 3^ per cent. 
The shape of the curve is very different from any previously offered. 
The results of Ohtani and Hemmi, previously mentioned, are in very 
satisfactory agreement with this curve. Unfortunately, this original 
work is not readily available in this country, the values quoted having 
been taken from Chemical Abdracts and, therefore, it has not been possi- 
ble to make a more complete comparison with this work. 

Cleveland Section, Research Bureau, Aluminum Co. of America. 

New Developments in High Strength Aluminum Alloys. Trans. (1925). 
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Effect of Impurities in Aluminum 

The effect of the impurities iron and silicon, always present in alumi- 
num of commercial purity, on the solubility of copper has not been thor- 
oughly investigated, but it does not seem likely that small amounts of 
these impurities could affect the copper solubility relations sufficiently 
to account for the difference between a solubility of 3 per cent, at 20° C., 
as given by the National Physical Laboratory, and that of approxi- 
mately 3^2 per cent, at 200° C., as shown by this investigation. There 
are several possible explanations which occur to the authors. Because 
of the slow reaction rate at the low temperatures, the annealing times 
employed by the National Physical Laboratory may not have been 
sufficiently long to establish equilibrium, or owing to the very small 
particle size of the CuAL when annealed at these low temperatures and 
the difficulty in distinguishing these small particles from equally small 
particles of the iron constituent, the presence of free CuAL may have 
been overlooked in the metallographic examination. 

Having established the copper solubility relations in aluminum of 
high purity with some degree of certainty it will now be comparatively 
easy to establish the effect on these solubility relations of other elements, 
generally present in commercial strong alloys. It is hoped that such 
results will be available in the not-too-distant future. 
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Table 1. — Description of Alloys 


M No. 

Cu. 

Per Cent. 

Analysis 

Fe. 

Per Cent. 

gj Type of Specimen 

Per Cent. 

1331 

0.007 

0 009 

0 007 Ingot 

360 

0.022 

0 022 

0 039 Ingot 

1332 

99.99 

0 0003 

Foil 

535 

99.77 


Ingot 

642AR 

53 05 

0 06 

0.02 Chill cast in cold graphite mold 

679 

6 54 


Chill cast in cold graphite mold 

680 

5.82 


Chill cast in cold graphite mold 

681 

5 47 


Chill cast in cold graphite mold 

682 

4 73 

0 03 

0 02 Chill cast in cold graphite mold 

683 

4 05 


Chill cast in cold graphite mold 

684 

3.44 


Chill cast in cold graphite mold 

685 

3 01 


Chill cast in cold graphite mold 

686 

1 97 


Chill cast in cold graphite mold 

687 

0 98 


Chill cast in cold graphit(‘ mold 

688 

0 47 

0 04 

0 03 Chill cast in cold graphite mold 

711 

2.61 


Chill cast in cold graphite mold 

712 

1.60 


Chill cast in cold graphite mold 

713 

1.25 


Chill cast in cold graphite mold 

769 

2.47 


Forged 

770 

2 95 


Forged 

771 

1 3.43 


Forged 

772 1 

I 3 94 

0.02 

0 02 Forged 

773 

4 29 


Forged 

774 

4.96 


Forged 

775 

5 45 


Forged 

776 

5 94 


Forged 

847 ' 

0 97 


Forged 

848 

1 35 i 


Forged 

849 ! 

1.53 1 


Forged 

850 

1.78 


Forged 

851 

2 07 1 


Forged 

853 j 

1 04 * 

0.03 

(3ull cast in iron mold 

854 

2 03 1 

0 02 

Chill cast in iron mold 

855 1 

0 83 

0 02 

1 Chill cast in iron mold 

856 ! 

0 70 1 

0 02 

, Chill cast in iron mold 

1150 

33.0 1 


Slowly cooled 

1333 1 

2 05 


1 ; Chill cast in iron mold 

1334 ! 

2.18 

0 010 

0 009 Chill cast in iron mold 

1335 

2.48 


Chill cast in iron mold 

1336 

4.75 


Chill cast in iron mold 

1337 

5.16 

0.008 

0.009 Chill cast in iron mold 

1338 

5.35 


: . Chill cast in iron mold 
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Modification and Properties of Sand-cast Aluminum-silicon 

Alloys 

By Robert S. Archer* and L. W. Kempf,* Cleveland, Ohio 

(New York Meeting, February, 1926) 


It is now well known that the structure of aluminum-silicon alloys 
can be refined in a rather remarkable manner, with consequent improve- 
ment of physical properties, by certain treatments applied to the molten 
metal shortly before casting. The differences between the treated and 
the untreated alloys are so marked that special terms are used to distin- 
guish them, the untreated alloys being referred to as ^^normaP’ and the 
treated alloys as “ modified.'’ 

The first practical method of accomplishing this result was that of 
A. Pacz,^ which consists in treating the molten metal with a salt flux 
of which the active ingredient is sodium fluoride. The result can also 
be brought about, and in a more economical manner, by the addition 
of small quantities of metallic sodium (or potassium) to the molten alloy 
shortly before casting.- The action of the Pacz flux evidently consists 
essentially in the production of free sodium by the reaction of sodium 
fluoride with aluminum. The changing of a normal alloy to a modified 
alloy is referred to as ^‘modification" and any process for accomplishing 
this result is a modifying" process. 

Modified aluminum-silicon alloys were introduced several years ago, 
and it has been demonstrated both in the laboratory and in commercial 
practice that it is no simple matter to produce castings having the maxi- 
mum or nearly the maximum properties w^hich under favorable circum- 
stances can be obtained. The alloys are rather sensitive to small changes 
in chemical composition, and the modifying process must be carried out 
in a very particular manner to obtain the best results. Extensive experi- 
mental work has been carried out in the laboratories of the Aluminum 
Co. of America with the object of determining the conditions 
that must be observed to make these alloys of the greatest possible 
value. It was necessary to learn how to control the modifying process 


* Research Bureau, Aluminum Co. of America. 

1 A. Pacz. : U. S. Patent No. 1387900. Applied for Feb. 13, 1920; issued Aug. 16, 
1921. 

2 J. D. Edwards, F. C. Frary, H. V. Churchill: U. S. Patent No. 1410461. Applied 
for Nov. 27, 1920; issued Mar. 1, 1922. 
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before exact work could be done on the effects of alloy composition. It 
is the purpose of this paper to present the essential results of the work 
bearing on the control of the modifying process, and the results of the 
investigation of the effects of alloy composition with respect to the two 
important elements, silicon and iron. 

Constitution of Aluminum-silicon Alloys 

Aluminum and silicon form a simple eutectiferous system, with no 
chemical compounds. The melting point of pure aluminum is 660° C'., 
while that of silicon is taken as 1420° C. The normal eutectic alloy 



Fig. 1. — Normal 13.2 per cent, silicon alloy, sample 4017, etched with 
0.5 per cent. HF. X 100. Aluminum is white, silicon black, and iron constitc- 
ENT halftone. TeNSILE STRENGTH 20,225 LB. PER SQ. IN.; EL0N(;ATI0N 3.0 PER 
cent. 

contains about 11.6 per cent, silicon and melts at 577° C. Silicon is 
soluble in solid aluminum to the extent of about 1.5 per cent, at the 
eutectic temperature. This solubility does not appear to play an impor- 
tant part in the present discussion, and the aluminum-rich vsolid solution 
will for simplicity be referred to as ''aluminum.'’ The solubility of 
aluminum in solid silicon is not known but is probably very slight, and 
does not appear to require consideration. 

The Modification Effect 

The binary aluminum-silicon alloys of general usefulness are those 
containing from about 5 to 15 per cent, silicon. Throughout this range 
of composition the structure can be refined and the physical properties 
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materially improved by the modifying process. Both the degree of 
improvement and the actual properties reach a maximum, however, at 



Fio. 3 .— Alloy shown in Fio.s. 1 and 2 after modification with »pDiuM. 
White aluminum dendrites and veins in matrix of modified eutectic. tot 
with 5 PER CENT. HF. X 100. Tensile strength 26,950 lb. per sq. in. ; elongation 
14.5 PER CENT. 


about 13 per cent, silicon, and in commercial practice the modifying 
process is at present applied almost exclusively to alloys of approximately 






584 


PROPERTIES OF SAND-CAST ALUMINUM-SILICON ALLOYS 


this silicon content. The structural changes brought about by modifica- 
tion are well illustrated in these alloys. 

Fig. 1 shows the microstructure of a normal alloy containing about 
13 per cent, silicon, cast in a green-sand mold in the form of a test bar 
3^^ in. in diameter. The white constituent is aluminum and the dark 
constituent is silicon. In the normal condition, this is a hypereutectic 
alloy, and the primary or excess silicon is represented by particles which 
may be distinguished from those of the eutectic by the fact that they are 
usually larger and of more nearly equiaxed shape. These are surrounded 
by a matrix of aluminum-silicon eutectic in which the silicon occurs 
largely in the form of plates or needles. Fig. 2 shows the same specimen 
at higher magnification. 



Fig. 4. — Same as Fig. 3. X 500. Aluminum white, silicon black. Faint lines 
OF IRON constituent IN HALFTONE. 


Fig. 3 shows the structure of the same alloy modified by the addition 
of sodium to the melt and cast in the same kind of a mold. There are 
no particles of excess silicon, but instead there are dendrites of primary 
aluminum (white) in a matrix (dark) of aluminum-silicon eutectic’^ 
which is so fine that it is not resolved at this magnification. This struc- 
ture is shown in greater detail in Fig. 4. The silicon particles (dark) are 
here seen to be very small and more or less rounded in shape. 

From these micrographs it will be seen that modification involves: 
(1) suppression of the crystallization of primary silicon (in the case of 
hypereutectic alloys); (2) great refinement of the structure of the ''eutec- 
tic^^; and (3) shifting of the apparent eutectic composition toward a 
higher silicon content. 
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Theory of Modification 

The theory of modification has been discussed in detail else where,^* ^ 
and only a summary will be given here. 

First, it is well to call attention to the discovery that the structural 
changes described can be brought about by causing the aluminum- 
silicon alloys to solidify rapidly, as by casting in an iron mold, without 
the use of sodium or any other modifying agent. In this case the phe- 
nomena are evidently due to undercooling. If the 13 per cent, silicon 
alloy undercooled equally with respect to both aluminum and silicon, 
then the solid alloy would still show primary silicon and eutectic, the 
undercooling merely causing refinement. The fact that primary silicon 
is replaced by primary aluminum shows that the crystallization of the 
silicon is suppressed by undercooling much more than is the crystalliza- 
tion of the aluminum. 

Casting in a green-sand mold in sections of ordinary thickness does 
not cause sufficiently rapid freezing to produce modification. The sand- 
cast alloys can be modified by the special flux or alkali metal treatments, 
in which case the change is due essentially to the suppression of the 
crystallization of the silicon by the presence of metallic sodium in the 
metal at the time of solidification. The freezing point of the eutectic, 
normally at 577*^ C., is lowered by modification, temperatures as low as 
564° C. having been recorded. In alloys containing more than the eutec- 
tic proportion of silicon the temperature of separation of primary silicon 
from the melt is lowered by the presence of sodium, and if the silicon 
content is not too great the ciystallization of the primary silicon is entirely 
suppressed.^ On the other hand, in alloys containing less than the eutec- 
tic amount of silicon, the temperature of separation of the primary alum- 
inum does not seem to be appreciably affected by the presence of sodium. 

The mechanism by which a small quantity of sodium (less than 0.10 
per cent.) suppresses the crystallization of silicon is still a matter of 
speculation. Mention may be made of two views developed by the 
Research staff of the Aluminum Co. of America. These may be 
referred to as the colloid theory and the adsorption’^ theory. Ac- 
cording to the first, the sodium, which is only slightly soluble in molten 
aluminum, is present in the liquid aluminum-silicon alloy at the time of 
solidification in the form of vast numbers of liquid particles of colloidal 

3 J. D. Edwards and R. S. Archer: The New Aluminum-silicon Alloys. Chem & 
Met, Eiigng. (1924) 31, 504. 

* Zay Jeffries and R. S. Archer: The Science of Metals, New York, McGraw-Hill 
Book Co., Inc., 1924. 

® These observations are based on cooling curv^es and microscopic eliminations, 
methods which are limited in their sensitivity. It is probable that nuclei of primary 
silicon actually form at or near the normal temperatures, and that the apparent 
“suppression" is merely a retardation of crystal growth. 
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size. These particles are considered as mechanically obstructing the 
growth of the silicon crystals in much the same way that particles of 
thoria obstruct grain growth in solid tungsten.® According to the other 
view, the growth of the silicon crystals is hindered by the adsorption of 
sodium, the silicon particles becoming partly or completely covered 
with films of sodium of atomic thickness. 

It is quite logical that the development of the silicon crystals should 
be impeded more effectivel}^ than that of the aluminum crystals by the 
presence of a given amount of sodium. It is a general rule that the 
metallic elements crystallize more vigorously than the non-motallic ele- 
ments and metalloids like silicon. It even seems that the amount of 
sodium which produces the maximum refinement of silicon is just about 
the amount to produce germinative conditions with respect to aluminum 



Fig. 5. — Con^titutiox diagram of altmim m-silicon alloys. 


and correspondingly large dendrite size. There is also a possibility 
that there is a selective attraction between sodium and silicon which is 
greater than that between aluminum and sodium. This is consistent 
with the fact that sodium is only slightly soluble in liquid aluminum. 

It is evident from the photomicrographs in Figs. 1 and 3 that there is 
an apparent shifting of the eutectic composition. This will be readily 
understood on referring to the diagram in Fig. 5. The dotted lines repre- 
sent in a qualitative way conditions attained when undercooling takes 
place as in the presence of sodium. The line represents the tempera- 
tures of separation of primary silicon under conditions resulting in 
maximum suppression of crystallization. It will be noted that no dotted 
line has been drawn under AE to represent undercooling with respect to 
aluminum. Theoretically it is probable that some undercooling takes 
place, but it seems to be so slight as compared to undercooling with 
respect to silicon that it is justifiable to omit this factor fromconsidera- 

* Zay Jeffries and R. S. Archer: Grain Growth and Recrystallization in Metals. 
Chem. & Met, Engng. (1922) 26, 343, 402, 449. 
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tion. The line AE has been prolonged as a straight line until it intersects 
the line E'S' , The point E' therefore represents the composition of 
the alloy which under maximum conditions of suppression will solidify 
at the lowest temperature and without the appearance of either primary 
aluminum or primary silicon. This may well be called the modified 
eutectic alloy. It is not to be understood that this conception applies 
to equilibrium conditions. Under equilibrium conditions there can be 
only one eutectic alloy and one eutectic temperature; namely, the normal 
eutectic containing about 11 per cent, silicon and freezing at 577° C. 

Oc currence of Iron in Aluminum-silicon Alloys 

Iron is always present in aluminum-silicon alloys as an impurity. 
It is practically insoluVile in the solid state, and the presence of even a 
few hundredths per cent, causes the appearance of a distinct ^‘iron con- 
stituent.’' The manner of occurrence of this constituent is illustrated 
in Figs. 1, 2 and 4, and will be further illustrated in subsequent photo- 
micrographs. In unetched sections the iron constituent appears in 
halftone; /. c., darker than the aluminum and lighter than the silicon. 
In the alloys under consideration the iron constituent is generally in 
the form of plates, needles or perhaps flakes of irregular shape. These 
particles are refined somewhat by the modifying process. 

The composition of the iron constituent in aluminum-silicon alloys 
is not definitely known. It is not the FeAb of the binary aluminum-iron 
system, but is probably a ternary constituent containing iron, silicon 
and aluminum. 


The ]\Iodifyin(; Process 

With the introduction of his process, Pacz disclosed that if an alumi- 
num-silicon alloy is allowed to stand in the molten condition for too 
long a time after the flux treatment, the modification effect is gradually 
lost, and that if a properly modified cast alloy is remelted and again cast 
without any further treatment, it reverts almost entirely to the normal 
condition. The discovery of the metallic-sodium method of modifying 
indicated that this reversion to the normal condition on standing in the 
molten state or on remelting is due to the loss of sodium. In fact there 
are visible signs of such loss. Subsequent experience has demonstrated 
as a practical certainty that the actual loss of sodium is the dominant 
factor in this reversion, although it is conceivable that there is some 
effect due to a change in the distribution of the sodium. 

The reversion from the modified to the normal condition is gradual 
rather than abrupt. By pouring at various intervals of time after the 
proper execution of the fluxing treatment, it is possible to obtain castings 
varying continuously in structure and properties from the completely 
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modified to the normal. Furthermore, it was early recognized that 
when insufficient quantities of flux are used, the castings obtained are 
only partly modified. The usual recommendations called for an amount 
of flux equal to about 3 per cent, by weight of the metal treated. This 
flux contains two parts sodium fluoride to one part sodium chloride and 
is applied at about 927° C. (1700° F.). 

One of the first important results of the work leading to this paper 
was the establishment of the fact that poor modification results from the 
use of too much sodium as well as from too little sodium, whether the 
sodium be derived from the salt flux or added directly as metallic sodium. 
In fact, it is possible, by the use of too much sodium, to make the proper- 
ties of the ''modified alloys inferior to those of the normal alloys. 

For a long time after the discovery that the aluminum-silicon alloys 
can be modified by the addition of metallic sodium, it appeared somewhat 
doubtful that this method would give as good physical properties as the 
flux method. After trying both methods, several laboratories and found- 
ries in various parts of the world concluded that the flux method gave 
better results, although the economy of the metallic sodium method 
was universally recognized. For this reason the flux method has been 
used by many in preference to the metallic-sodium method, in spite of 
the much greater economy of the latter. 

The same conclusion seemed to be indicated by the first work in 
the laboratories of the Aluminum Co. of America, but it was soon 
shown that the best results obtained by the flux method are no better 
than the best results obtained by the metallic-sodium method. It still 
seemed for some time that the flux method gave good results with greater 
uniformity and certainty than the metallic-sodium method, but after 
considerable experimentation, it was found possible to control the 
modifying process based on metallic sodium in such a way that the 
uniformity of results obtained both in laboratory and foundry fully 
equalled that obtained by the use of the flux. It now appears that the 
metaUic-sodium method will be almost exclusively used in commercial 
practice. The following paragraphs detail the more important considera- 
tions involved in the successful operation of the process. 

Quantity of Sodium Required 

Probably the most important requirement for successful modification 
is that the molten alloy contain the proper amount of sodium well distrib- 
uted at the time of casting. The amount of sodium required to produce 
the best results appears to be definite for a given alloy and for given 
casting conditions. The sodium requirement varies over a wide range 
with the composition of the alloy, particularly the silicon content, as 
will be shown subsequently. For a given alloy, the sodium requirement 
also varies with the rate of solidification, the general rule being that less 
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sodium is required as the rate of solidification increases. The present 
discussion refers to test bars 3^ in. in diameter poured from about 705° C. 
(1300° F.) into green-sand molds. The results may be considered appli- 
cable to the general run of sand castings having sections up to about one 
inch thick. It is probable that somewhat larger quantities of sodium 
should be used where heavier sections predominate, but this factor has 
not yet been systematically investigated. 

There has not been developed any simple and accurate method of 
determining the amount of sodium actually present in a modified casting. 
Such information would be interesting, but would perhaps not be of 
much practical use unless there w^ere also some means of determining 
the sodium content of the molten alloy before casting. From the prac- 
tical standpoint, the thing of interest is the quantity of sodium which 
must be added to the molten metal. If the conditions of the modifying 
process are kept constant, then the quantities of sodium present in the 
modified castings should be definitely related to the quantities added, 
although not necessarily directly proportional thereto. The amount of 
sodium in the metal at the time of casting will be determined by (1) the 
quantity added; (2) the efficiency of the addition; and (3) the loss before 
pouring into castings. 


Method of Adding Sodium 

When it is considered that sodium and aluminum are almost entirely 
immiscible in the liquid state, that sodium is much lighter than aluminum, 
that it is highly inflammable and that its boiling point is in the range of 
ordinary melting temperatures for aluminum, it will be realized that it 
is no simple matter to make a quantitative addition of sodium to a molten 
aluminum-silicon alloy. It is beyond the scope of this paper to discuss 
the various methods that have been proposed or tried, and the discussion 
will be confined to one method which is simple and economical and has 
been found suitable for both laboratory and production work. 

The alloy is melted in a suitable crucible, pot or furnace, care being 
taken to avoid contamination with iron. A crucible or ladle from which 
the castings are to be poured is preheated to a red heat, say about 538- 
705° C. (1000-1300° F.) The required quantity of sodium is accurately 
weighed and kept covered with kerosene until used. When the metal 
has reached a suitable temperature, which will usually be about 774° C. 
(1425° F.), the sodium is placed in the bottom of the preheated pouring 
crucible or ladle. The molten metal is then immediately poured into 
this crucible in such a way as to stir the sodium into the aluminum as 
much as possible . This is ordinarily the only stirring employed . 

The temperature of the metal at the time of pouring on to the sodium 
can be varied somewhat to suit the requirements of the foundry , but any 
such variation will affect the quantity of sodium to be used. The loss 
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of sodium in this operation increases with the temperature of the metal, 
especially when this temperature exceeds about 802° C. (1475° F.) The 
metal temperature should be controlled within 14° C. (25° F.) for 
consistent results. 

The temperature of the preheated pouring crucible need not be con- 
trolled so closely, the temperature range given above being satisfactory. 
The object of preheating this crucible is to delay the subsequent cooling 
of the metal. 

On throwing the sodium into the hot crucible, yellow flames will be 
observed. These are not ordinarily due to the combustion of sodium, 
but to the burning of the kerosene, which seems to protect the sodium 
for perhaps as much as a minute. The efficiency of sodium introduction 
by this method appears to be (piite high, esj)ecially when the metal 
temperature is low. 



Fig. 6 . — Method of pocrin(; test hahs fsed in this work. 


Loss OF Sodium on Standing 

It has been found advantageous to allow the molten alloy to stand 
quietly for some time after the addition of sodium. The function of 
this holding period is partly to allow the escape of the air and dross stirred 
into the metal with the sodium. The benefits actually obtained, how- 
ever, seem too great to attribute entirely to this cleansing action. It is 
quite possible that during this period there is a diffusion of sodium 
through the alloy, and an escape of the larger particles of undissolved 
sodium by rising to the surface. Good modification has been obtained 
by adding a small amount of sodium and casting immediately afterwards. 
It seems, however, that maximum properties are obtained more consist- 
ently by adding an excess of sodium and allowing the metal to stand 
quietly for a certain period. It is recommended that this period be not 
less than five minutes, and better ten to twenty minutes. 

There is a continuous loss of sodium during the holding period, and 
the rate of this loss will obviously vary with conditions, such as the tern- 
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perature of the inetal and the size and shape of the container. It has 
been found, as would he expected, that the loss increases with the metal 
temperature, although no quantitative relations have V)een developed. 
The problem is one whose solution is easier by empirical than by analy- 
tical methods. A method for reaching a practical solution will be dis- 
cussed toward the close of this paper. 

Experimental Methods 

Raw Materials . — The alloys studied in this investigation were made 
from commercial grades of ingot and aluminum-silicon rich alloy. These 
materials were selected so that alloys could be prepared having iron con- 
tents around 0.35 per cent., which is about as low as is encountered in 
present commercial practice. Iron was added in the form of Armco 
iron wire (about 99.85 per cent. iron). 

The aluminum ingot used was all from the same lot, but was remelted 
in two heats of 200 lb. each and cast in the form of smaller ingots, for 
greater convenience in handling and for greater uniformity of composi- 
tion. The analyses of these two heats are given in Table 1, under samples 
3807 and 4047. Four lots of silicon-rich alloy were used, the analyses 
of which are given in Table 1. Two of these, samples 3950 and 4024 
were remelted while the others were not. The remelting was carried 
out in an oil-fired iron pot furnace, the pot being coated with a wash to 
prevent absorption of iron. 


Table 1. — ('hemival Anah/ses of Raiv Materials 





(^heniical Composition 


Sanjplt* 

Number 

Mat cn 111 

Iron, 

Silicon, 

Cojmer, 

Per Cent 

M.anganese, 



P«‘r Cent 

Per Cent 

Per Cent 

:^S()7 

Aluminum ingot 

0 41 

0 20 

0 01 

i Nil 

8S.5() 

Silicon-rich alloy 

0 30 

17 OS 

0 04 

0 03 

;iS(U 

Silicon-rich alloy 

0 33 

10 4S 

0 03 

0 02 

:^9r)() 

Silicon-rich alloy 

0 30 

10 00 

0 02 

0 01 

4024 

Silicon- rich alloy 

0 32 

lo Oo 

Trace 


4047 

Aluminuin ingot 

0 40 

0 30 

' Trace 



Melting of Alloi/s 

In most cases the alloys to be investigated were made up in heats of 
20 to 25 lb., melted in a No. 25 plumbago crucible in a Stewart oil-fired 
brass melting furnace. When melted, the metal was thoroughly stirred 
with a carbon rod. Additions of iron were made after the metal had 
reached a temperature of about 815° C. (1500° F.). Iron dissolves 
readily if care is taken to clean the wire and to prevent it from becoming 
coated with aluminum dross when it is introduced into the melt. Undis- 
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solved iron can be easily detected with a carbon rod if the wire is twisted 
into a coil before being added to the melt. 

The maximum temperatures in melting were about 815“ C. (1500° F.) 
except that when iron was added the temperature was raised somewhat 
to hasten solution of the iron. 


Modifying 

The melt was removed from the furnace at about 815° C. (1500° F.) 
and set on the floor to cool. Meanwhile a pouring crucible, of the same 
kind and size as the melting crucible, was placed in the furnace. It was 
found possible to preheat this crucible to the, desired temperature, about 
649° C. (1200° F.), by the time the metal had cooled to the modifying 
temperature, 774° C. (1425° F.). The empty crucible was then removed 
from the furnace, the previously weighed sodium dropped into it, and the 
metal skimmed and poured over the sodium. At this point a timer was 



Fig. 7. — Co.vmon method of casting te.st bars in aI/Omincm founduik.s. 

started. The metal was then replaced in the hot furnace to prevent too 
rapid cooling. No stirring or skimming was done after 'the introduction 
of the sodium except that the dro.ss was pushed back from the lip of the 
crucible on pouring. 

One mold of test bars was poured five minutes after the introduction 
of the sodium, and additional molds were poured at three-minute intervals 
thereafter until eight molds had been poured, the metal being held in the 
furnace between pouring operations. The metal was usually at a 
temperature between 734° and 752° C. (1350° to 1390° F.) when the first 
mold was poured, and was between 675° and 734° C. (1250°-1350° PA) 
for the rest of the molds. 
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It was pointed out above that it is desirable to add a slight excess of 
sodium and allow the metal to stand several minutes before pouring 
castings, the excess of sodium being eliminated during this holding period. 
In these experiments it was attempted to add such amounts of sodium 
that, under the conditions employed, the metal would attain its maxi- 
mum degree of modification when poured about seventeen minutes after 
the addition of sodium. If all molds were poured at this time, however, 
there would be no way of telling whether the optimum sodium content 
had been attained, except by many experiments. By pouring molds at 
intervals as described above, test bars were obtained in which the sodium 
content decreased gradualh^ and by small decrements as the time after 
the addition of sodium increased. Typical results obtained by this 
method will be pre.sented and discussed subse(iuently. 

of Xonnal Alloy, ^ 

Altliough th(' primary object of this work was the investigation of the 
modified alloys, it was thought of interest to examine vSome of the alloys 
in the normal condition. For this purpose test bars were cast before the 
addition of sodium. The raw materials, however, often contain some 
sodium, and such trace's of sodium may cause partial modification. It is 
possible, therefore, that slightly lower physical properties would be 
obtained from alloys strictly free from sodium. 

Tist-har Mold 

I'ig. i) shows the method of molding test bars that was employed in 
most of this work. A few castings were made as shown in Fig. 7, which 
illustrates tlie usual mc'thod of pouring test bars in the foundries of the 
Aluminum (\). of America. In the case of the alloys under investi- 
gation, these two molds gave substantially the same results. The 
mold shown in Fig. (), therefore, was generally used, as it required only 
about half as much metal as that of Fig. 7. 

The test bars were cast to size, the test section having a diameter of 
} 2 in. with a length of 2^ 4 in. between fillets. Elongation was measured 
on a gage length of 2 in. The ends of the test bar were ^4 in. in diameter. 

Testing 

All test bars were tested without machining in a 50,000-lb. Olsen 
testing machine using wedge grips. The ductility of these alloys is such 
that any errors introduced by slight imperfection of alignment are well 
within the variations between individual test bars. As a rule only 
tensile strength and elongation w^ere determined. No room-temperature 
aging effect has been observed in these alloys, but it may be mentioned 
that tests were usually made within 24 hr. after casting. 

VOL. Lxxm.--38. 
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Microscop i c Exa w in at ion 

Samples for microscopic examination were taken from the test sections 
of broken test bars, the surface prepared for examination being generally 
taken perpendicular to the axis of the bar. There are sometimes objec- 
tions to the use of specimens which have been strained, but in this work 
the fact that the metal had been tested in tension did not seem to inter- 
fere with the objects of the microscopic examinations, and it was obviously 
a considerable advantage to correlate the structures definitely with 
tensile properties previously determined for identically the same sections. 



Time/\ftcr Treatment With Sodium 
Minutes 

Fig. 8. — Effect of time of holding aftek addition of sodh m on physical 
PROPERTIES of MODIFIED ALUMINUM-SILICON ALLOY. SAMPLE .‘^800. 

Chemical Analysis 

Drillings for analysis were taken from test bars or from the runners 
connecting the test bars. In the case of aluminum ingot and rcrnelted 
rich alloys, special samples were cast in the form of thin plates in an iron 
mold. Precautions must be taken against segregation which is especially 
apt to occur in alloys containing more than about 14 per cent, silicon. 

The aluminum ingot and rich alloys were analyzed for silicon, iron, 
copper, and manganese. The elements determined in the final alloys 
were silicon or iron or both. 
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Results 

The effect of the time element in the modifying process is illustrated 
by the data in Table 2 and in Fig. 8, from a typical experiment in which 
test bars were poured at various intervals after the addition of sodium, as 
described above. Tensile strength and elongation increase steadily to 
maximum values with the time after the addition of sodium, and then fall 
off rapidly toward values characteristic of the unmodified alloy. This 
means that during the first few minutes the metal contains too much 
sodium, and constantly becomes better primarily because of loss of 
sodium. At a certain time, in this case about twenty minutes after 
the addition of sodium, the sodium content is just right for the produc- 
tion of a well modified structure on casting. On further holding, the 



Tm iHCH Gmsc Llmcth 

I'h;. 9. L<) \I) DKFOKNrATIOX ( I RYE OF MODIFIED ALLOY CONTAINING 10 PER CENT. 

SILICON. Sample 4045. 

molten metal continues to lose sodium, the properties of the test bars 
falling off as the sodium content becomes insufficient to produce 
complete modification. 

Table 2 and Fig. 8 show that the maximum tensile strength does not 
occur at exactly the same time as the maximum elongation. This has 
frequently been noted and seems to be characteristic of the alloys. The 
relation is always about as shown; that is, the elongation reaches a 
maximum slightly before the tensile strength and then decreases rather 
more abruptly than the strength. The sharp cusp of the elongation 
curve is due, of course, to the fact that the molds were poured 3 min. 
apart. The true form of the curve at the maximum is more flat, and the 
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form actually obtained as the result of experiment depends on when the 
test bars are poured with relation to the time of occurrence of 
the true maximum. 



Table 2. 

— Effect of Time after Treatment 
Sample No 3S(U) 

with 

Sodium 

Mold No. 

Time after 
Sodium Treat- 
ment, Minuter 

Tensile Strength, 

Lh per Sq In 

Elongat ion 
l*i‘r ('ent in 
2 In 

UemiirkH 


1 

i 

22,200 

4 

0 

Dros.s 


1 

5 

22,0.50 

6 

0 


Average . 



22,575 

.5 

0 



2 

8 

22,375 

.5 

0 

S.'ind 


2 

8 

24,175 

7 

,5 


Average 



23,275 

6 

25 



3 

11 

23,675 

7 

0 



3 

11 

24,200 

7 

.5 


Average 



23,087 

i 

25 



4 

14 

24,400 

7 

0 

Dro.'^s 


4 

14 

24,60() 

7 

.5 


Average 



24, .500 

7 

25 



5 

17 

26,625 

10 

0 



3 

17 

26, (KK) 

s 

0 


Average 



2(n31.3 

0 

0 



6 

20 

27,725 

1 1 

. .5 



6 

20 

27,7.50 

16 

0 


Average 



27,735 

15 

25 



7 ^ 

23 

( 2.5,82.5 j 

(7 

0) 

I 


7 

23 

27,8(K) 

12 

5 


Average 



27,800 

12 

5 



8 

' 20 

24,0.50 

1 

.5 



8 

26 

24,4,50 

4 

0 


Average 



24,2.50 

1 

25 



Elongation appears to be more sensitive than tensile strength to the 
degree of modification. Some light is thrown on the reason for this by 
the load-deformation curve, Fig. 9, of a test bar of a 10 per cent, silicon 
alloy, sample 4045. It is here shown that much of the elongation 
occurs as the result of relatively small changes in load. The elongation 
actually increased from 8 per cent, to 10 per cent, at practically constant 
load. The effect of this characteristic of the load-deformation curve 
will readily be understood. The presence of a minute source of weakness, 
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cither au actual flaw iii the bar or a region in which the modification is 
poor, will cause only a slight decrease in tensile strength but a relatively 
much larger decrease in elongation. 

The increase in elongation is perhaps the most valuable effect of 
modification, not only because the increase in this property is relatively 
much greater than in any other property, but also because of the demand 
for light aluminum alloj’s having good ductility combined with fair 
strength and good casting qualities. 

In view of the importance of this property, and its sensitivity to the 
condition of the metal, elongation was selected as a criterion of proper 



Fk;. 10. rnySIC\L I'UOI'KUTIES OF NOKMAL AND MODIFIED ALUMINUM-SILICON 
ALLO\S CONTAINING ABOUT 0.35 TER CENT. IRON. 

modification. The values of strength and elongation taken as typical 
of any given alloy composition were the average properties of the sound 
bars from the mold or molds showing the maximum elongation of the 
series. The fractures of the bars were examined for the presence of 
dross, holes, etc., and such defects wei'e recorded with the results of the 
tests. If the defect obviously reduced the properties of the bar to a 
marked extent, the results of the test were discarded. In other cases 
the efTects of the flaws were so slight that the results of the tests could 
be included for the purpose of arriving at more representative averages. 
Table 2 illustrates the manner of selecting typical values. 
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Although it is felt that the attempt to control the modifying process 
has been fairly successful, it is not meant to give the impression that the 
control is perfect or that the best possible results are always obtained, 
even in the laboratory. In some experiments it was obvious that none of 
the test bars was properly modified. This could be judged from the 
microstructure, the fracture, or the maximum properties as compared 
with those of other heats of similar composition. In such cases the 
experiments were repeated with any changes thought to be indicated 
by the conditions. If the repetition of the experiment gave distinctly 
better values, the results of the first experiment were discarded, 
while if the remelt gave about the same values as the original, the 



Fig. 11. Effect of ikon content on physical puopeuties of modified alloys 
CONTAINING 11 TO 14 PER CENT. SILIC(JN. 

results of both experiments were recorded. In this way it was 
attempted to get values as representative as possible of each alloy 
in its best state of modification. It is too much to hope that this 
attempt was in all cases completely successful. Attention was concen- 
trated largely on the modified alloys containing from 12 to 14 per cent, 
silicon, and the results should be most reliable for alloys in this range 
of composition. 

Table 3 gives the composition by chemical analysis of the alloys 
studied. In some cases alloys were remelted and given different sample 
numbers. Therefore, there will be found in the subsequent tables certain 
sample numbers not found as such in Table 3. The compositions given 
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Table 3. — Chemical Analyses of Alloys Studied 


Sanmlo 

Number 


Silicon, 
Per Cent 


Iron, 
Per Cent 




ler, 

'ent 


Sample 

Number 


Silicon, 
Per Cent 


Iron, 
Per Cent 


Coj^er, 

' Cent. 


Per 


3851 

14 

.13 





3853 

13 

86 I 





3855 

13 

.70 

0 

3.3 



3857 

14 

06 

0 

37 

0 

02 

3850 

14 

08 





3862 

13 

50 

0 

37 

0 

015 

3865 

14 

20 





3866 

13 

73 





3869 

13 

13 





3870 

12 

80 





3871 

12 

18 

0 

.36 

0 

.01 

3872 

12 

32 





3881 

11 

SO 





3886 

13 

11 





3893 

10 

62 

0 

3 4 

0 

01 

3918 

13 

86 

0 

.55 



3926 

13 

41 

0 

77 

0 

02 

3928 

11 

67 

0 

52 



3929 

12 

75 

0 

.36 

0 

03 

3932 

12. 

90 

0 

58 



3933 

11 

86 

0 

75 



3937 

12 

82 

0 

80 



3939 

13 

28 

0 

36 

0 

01 

3910 



0 

.56 



3911 

13 

21 

0 

75 



3946 

13 

2(> 

0 

9.5 



3947 

13 

.53 

1 

01 




3948 

13 82 

0.92 


3949 

12.50 1 

0 65 


3951 

13 71 

0 34 

0 02 

3952 

13 0 ! 

0 32 

0 02 

3953 

13.73 

0 53 


3956 


0.71 


3959 


0.55 


3963 

11 38 ; 

0 35 


3974 


0.75 


3979 


0 77 


3980 

13.80 

0.89 


4017 

13 21 

0 32 

0 04 

402.3 

14 80 

0.35 

0.01 

4026 

13 55 



4027 

4.83 

0 39 

Trace 

4028 

7 04 

0.35 

Trace 

4032 

9 03 

0 34 


4035 

11 02 

0 34 


40.36 

2.75 

0 44 

Trace 

4041 

7 95 

0 40 


4043 

6.18 

0 40 


4044 

9 62 ; 

0 39 


4046 

12 19 ' 



4048 

1 51 

0 46 


4049 

0 35 

0 47 

Trace 

4054 

3 90 



4062 

10 11 

0.38 

0 01 

4064 

3 46 , 



4065 

7 79 



4066 

9 61 

0.40 


4068 

1 84 

0.42 

0 01 

4069 

5.55 1 

0.43 


4078 

14 02 



4080 

11 87 




in those siibseciuent tables for such samples are based on analyses of the 
heats from which these samples were derived. 

Table 4 gives the physical properties of some of the alloys in the 
normal condition. ThcvSe alloys constitute a series in which the silicon 
content varies from that of the original ingot (0.29 per cent.) up to about 
14 per cent., the iron content being held practically constant at an average 
value of about 0.35 per cent. 

In Table 5 are given the physical properties of a much more complete 
series of alloys in the modified condition, covering about the same range 
of silicon content and with the iron content again constant at an average 
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value of about 0.35 per cent. There are also given the quantities of 
sodium that were added, and the periods of time between the addition of 
the sodium and the attainment of the highest elongation. In this con- 
nection it is to be remembered that, after the first five minutes, the molds 
were poured three minutes apart. The values given in the time column 
do not, therefore, always correspond exactly to the true maxima. 



Fig. 12. — Effect of silicon context of alloys on oi antity of soDirM keoitkkd 

FOK .modification. 


Table 4 . — Phyaical Properties of Xoriital Alloys 


Sample 

NuniDcr 

Silicon, 

Per C'cnt 

Iron, 

Per Cent 

T» nsile StrciiKtli, 

LI) per S(i In 

Llonnat ion 

Per ('cut in 

2 In 

4049 

0 29 

0.41 

12,790 

25 0 

4068 

1 84 

0 42 

15,795 

10 4 

4064 

3.46 


16,715 

7.0 

4069 

5.55 

0.43 

17,382 

6 2 

4065 

7 79 


17,800 

4 9 

4066 

9.61 

0 40 

18,882 i 

4.9 

4035 

11.02 

0.34 

22,175 ; 

5.7 

4080 

11 87 


21,150 

4.4 

4017 

13.21 

0.32 

20,225 

3.0 

4078 

14.02 


17,794 

1.6 


Table 6 gives similar data for several series of modified alloys in each 
of which the silicon content was held constant while the iron content was 
increased by the addition of Armco iron wire. 
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Table 5 . — Physical Properties of Modified Alloys 
Effect of Silicon 


Sample 

Numoer 

1 

Silieon, 
l*er (’ent 

Iron, 

Per Cent. 

Tenaile 
Strength, 
Lb per 

Sq III 

Elongation 
Per Cent, in 

2 In. 

Per Cent 
Sodium 
Added 

Time to 
Best 

Properties, 

Minutes 

4049 

0 29 

0 41 

13,500 

28 2 

0 01 

20 

4048 

1 51 

0 40 

10,270 

13 7 

0 02 

26 

4051 

1 51 

0 40 

15,925 

13.2 

0 01 

23 

4030 

2 75 

0 44 

1 18,375 

12 2 

0 03 

17 

4050 

2 75 

0 44 

j 18,325 

13 0 

0 02 

20 

40.54 

3 90 

0 40 

1 19,170 

11.5 

0 03 

20 

4000 

3 90 

0 35 

19,300 

11.5 

0 035 

14 

4003 

3 90 

0 35 

19,7.50 

10 7 

0 04 

17 

4027 

4 83 

0 39 

20.725 

13 0 

0 05 

: 20 

4042 

0 18 

0 40 

21,170 

10 2 

0 03 

11 

4043 

6.18 

0 40 

22,300 

13 0 

0 04 

17 

4028 

7 04 

' 0 35 

23,0.50 

10 5 

0 05 

23 

4052 

7 0 

0 35 

23,1.50 

12 5 

0 04 

17 

4041 

7 9.5 

0 35 

23.825 

13.0 

0 05 

20 

4032 

9 03 

0 34 

24 ..300 

i 11 2 

0 05 

20 

4039 

9 03 

0 34 

23,070 

10 2 

0 04 

17 

4072 

9 0 

1 0 35 

24,125 

10 2 

0 05 

20 

4044 

9 02 

0 39 

, 21,4.>0 

11 2 

0 05 

17 

40-15 

9 02 

0 39 

23,8.50 

9 5 

0 05 

17 

4055 

10 11 

0 35 

24 725 

11 5 

0 055 

14 

4002 

10 11 

0 35 

25,3(K) 

11 7 

0 06 

20 

3893 

10 02 

0 .31 

2.5,100 

10 0 

0 05 

17 

4035 

11 02 

0 .34 

25, .500 

12 2 

0 05 

8 

3903 

11 38 

0 .i5 

2.5,770 

13 7 

0 06 

23 

3881 

11 80 

0 .35 

24,915 

11 5 

0 05 

17 

4040 

12 19 

0 .3.5 

20.2.50 

10 5 

0 05 

14 

40.53 

12 19 

0 3.5 

2.5,710 

10 5 

0 06 

17 

.387 1 

12 18 

0 3<> 

2<),300 

12 0 

0 07 

20 

3872 

12 .3 2 

0 35 

20,300 

12 0 

0 07 

17 

3929 

12 75 

0 30 

20,590 

11 7 

0 08 

26 

3870 

12 .80 

0 35 

27.000 

10 5 

0 07 

23 

.39.52 

13 00 

0 .32 

27,000 

12 7 

0 08 

20 

38.80) 

13 11 

0 35 

20), 925 

11 0 

0 07 

17 

3809 

13 13 

0 35 

27,1.55 

12 0 

0 07 

17 

4017 

13 21 

0 .32 

20,9.50 

14 5 

0 08 

20 

3939 

13 28 

0 30 

20,730 

13 0 

0 08 

23 

3892 

13 40 

0 35 

27,125 

12 0 

0 08 

17 

3802 

1.3 .50 

0 37 

20,925 

14 7 

0 075 

17 

4020 

13 55 

0 35 

27,775 

13 5 

0 10 

11 

4077 

13 55 

0.35 

27,. 502 

14.0 

0 10 

17 

.38.5.5 

, 13 70 

0.33 

28,000 

14 7 

0 08 

20 

3951 

13 71 

0 31 

27,110 

14 5 

0 10 

23 

3800 

13 73 

0 35 

27,735 

15 0 

0 10 

20 

38.5.3 

13 80) 

0 35 

27.470 

13 0 

0 09 

11 

.38.57 

14 00 

0 37 

27.790 

15 5 

0 09 

17 

38.59 

11 08 

0 3.5 

27.000 

9 5 

0 10 

20 

3851 

14.13 

0 3.5 

27,300 

11 0 

0 10 

20 

3805 

14 20 

0 35 

20.520 

C 0 

0 10 

20 

4023 

11 80 

0 3.5 

! 25.4.50 

8 0 

0 13 

20 


In Fig. 10 the physical properties of the normal and modified alloys 
containing about 0.35 per cent, iron are plotted against silicon content. 
In the case of the modified alloys, elongation is represented by an area 
rather than by a line. 
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The effect of iron on the modified alloj^s is illustrated in Fig. 11. 
Strength and elongation are plotted against iron content for four .series 
of alloys of different silicon content. 

Fig. 12 shows how the amount of sodium required for modification 
varies with the silicon content of the alloy to be modified. The percent- 
ages of sodium plotted are those added to the melt. The amounts actu- 
ally present at the time of casting arc less. 


Table 6. — Phyitical Propcrtiets of Modified AIIoiik 
Effect of Iron 


Sample 

Number 

Silicon, 
Per Cent. 

Iron, 

Per C'ent 

Teiwilo 
Sfreiipth, 
l.b per 

Sq I n 

PlonRiition, 
Per ('ent in 

2 In 

I’er Cent 
,8o(lniiu 

Tune to 
H(“it 

Propertien 

MMiiitej, 

3963 

11 3S 

0 35 

25,770 

13 7 

0 OF) 

23 

3977 

11 3S 

0 55 

2».,390 

10 0 

0 (»F) 

20 

3979 

11 3S 

0 77 , 

25,110 

5 0 

0 07 

23 

3881 

11.80 

0 35 

24,915 

115 ^ 

0 05 

17 

3928 

11 80 

0 52 

2f>.360 

8 7 

0 07 

1 1 

3933 

11 80 

0 75 

26,550 

6) 2 

0 07 

20 

3872 

12 28 

0 35 

2r*,.300 

12 0 

0 06 

17 

3921 

12 28 

0 55 

26.390 

9 7 

0 08 

11 

3949 

12 28 

0 65 

26.870 

7 0 

0 08 

17 

3929 

12 79 

0 36 

26.590 

11 7 

0 OS 

2<) 

3932 

12 79 

0 58 

27,920 

9 2 , 

0 OS 

20 

3937 

12 79 

0 80 

28,.')70 

7 5 ' 

0 10 

20 

4104 

12 79 

1 0 

23,82“) 

2 5 ! 

0 11 

17 

3952 

13 0 

0 32 

27. (HK) 

12 7 

0 08 

20 

3959 

13 0 

0 

27,870 

11 5 

0 OS 

20 

3974 

13 0 

0 75 

27,880 

7 5 

0 08 

20 

3939 

13 28 

0 36 

26,730 

13 0 ! 

0 Os 

23 

3940 

13 28 

0 56 

27,820 

10 0 

0 OS 

23 

3941 

13.28 

0 75 

28,445 

10 5 

0 08 

23 

3946 

13 28 

0 95 

22,300 

2 7 

0 09 

8 

3923 

13.41 

0 35 

27,400 

12 2 

0 OS 

20 

3924 

13.41 

0 55 

28,340 

10 5 

0 08 

. 17 

3926 

13 41 

0 77 

29,0.50 

9.5 

0 06 

11 

3947 

13 41 

1 01 

24,400 

2 0 1 

0 08 

17 

3951 

13.71 

0,34 

27,110 

14 5 1 

0 10 

23 

3953 

13.71 

0 53 

28,920 

12 5 

0.10 

2() 

3956 

13 71 

0.71 

29,000 

10 2 

0 10 

20 

3980 

13,71 

0.89 

28,500 

6 0 

0 10 

20 

3853 

13.86 

0.33 

27,470 

13 0 

0 09 

11 

3918 

13.86 

0 55 

28,650 

11 5 

0.11 

11 

3938 

13.86 

0.75 

28,620 

9 5 

0 12 

23 

3948 

, 13.86 

0 92 

28,260 

5.5 

0 12 

17 
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Microstructure of Alloys 

The general structure of both the normal and modified alloys has 
been illustrated in Figs. 1, 2, 3 and 4. It seems of special interest to 
present a few additional photomicrographs illustrating some of the 
effects of silicon content and iron content on the microstructure of the 
modified alloys. 

Figs. 13 to 19 show, at a magnification of 20 diameters, structures of 
a series of allo 3 's containing about 0.35 per cent, iron and amounts of 
silicon increasing from 11.38 per cent, to 14.8 per cent. It will be noted 
that the areas occupied by the aluminum dendrites decrease as the 



Ficj. 1;L -Mudifikd alloy containing 11.38 per cent, silicon. Sample 3963. 
3'ensile .si'hen(;th 25,770 lh. per sq. in.; elongation 13.7 per cent. Etched 
WITH 5 PER C ENT IIF PLUS 10 PER CENT. HNlb- X 20. HITE ALUMINUM DENDRITES 


IN MATRIX OF MODIFIED EUTECTIC. 

silicon content increases, disappearing at approximate!}’' 14 per cent, 
silicon. As the silicon content increases above 14 per cent, particles of 
excess silicon appear. This indicates that, with the best modification 
obtained in tliese experiments, the limiting composition of the modified 
aluminum-silicon eutectic is about 14.0 per cent, silicon. 

Attention is called to Fig. 13, which shows the structure of a modified 
alloy having approximately the composition of the normal aluminuin- 
silicon eutectic. The prevalence of the white aluminum dendrites is 
striking. 
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The alloy shown in Fig. 14 contains 12.75 per cent, silicon which is 
approximately the average silicon content of most of the modified sand 
castings which have been commercially produced. The appearance of 
aluminum dendrites is still striking, although there are areas of consider- 
able size which are practically free from excess aluminum. It is obvious 
that in this specimen it would be easy to pick areas large enough for 
photomicrographs taken at higher magnifications, which would fail to 
show the relative amounts of modified eutectic and of excess constituent. 
It is for this reason that the present series was taken at a fairly 
low magnification. 



Fig. 14. — Modified alloy containing 12.75 pek cent, silicon. S.wiple 
3929. Tensile strength 26,590 lb. per sq. in.; elongation 11.7 per cent. 
Etched with 5 per cent. HF plus^O per cent. HNO 3 . X 20 . Note different 
TINTS in matrix INDICATING DIFFERENCES IN ORIENTATION OF EUTECTIC, CORRE- 
SPONDING WITH DIFFERENT ORIENTATIONS OP ALUMINUM DENDRITES. 

Fig. 15 shows an alloy containing 13.73 per cent, silicon in which only 
a few aluminum dendrites were okserved. P’ig. 16 shows an alloy 
containing 14.06 per cent, silicon. The structure consists almost 
entirely of the modified aluminum-silicon eutectic. 

In Fig. 17 is shown a specimen containing 14.08 per cent, silicon. 
This specimen shows a distinct excess of silicon occurring in the form of 
dark particles of nearly circular shape. The difference in silicon content 
as found by chemical analyses between this and the preceding specimen 
is too slight to account for the difference in structure or for the difference 
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I'lG. 15.— Modikiki) alloy containing 13.73 per cent, silicon. Sample 
3 S 6 (). Tensile strength 27,735 lb. per sq. in.; elong.\tion 15.0 per cent. 
KtCHED with 5 PER ( ENT. HF PLI S 10 PER CENT. HNO 3 . X 20. 



Fig. 16.~-Modified alloy containing 14.0 per cent, silicon. Sample 3857. 
Tensile strength 27,790 lb. per sq. in.; elongation 15.5 per cent. Etched 
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in elongation observed. These differences can be accounted for, how- 
ever, on the assumption that sample 3859, shown in Fig. 17, is less 
perfectly modified than sample 3857, shown in Fig. 16. There is also a 
possibility of a small error in the sampling or- in the chemical analysis. 

The specimen shown in Fig. 18, which is reported to contain 14.20 per 
cent, silicon, shows a distinct excess of silicon in addition to the 
modified eutectic. 

Fig. 19 shows a specimen containing 14.8 per cent, silicon in which 
the excess silicon is still more apparent. It has been observed that in 
alloys containing over 14 per cent, silicon the excess silicon tends to 



Fig. 17. — Modified alloy containing 14.08 per cent, silkon. 

Tensile strength 27,600 lb, per sq. in.; elongation 9,5 per ('eni'. Kt(mikd with 
5 PER CENT. HF plus 10 PER CENT. HNO3. X 20. ThLS HPECI.MEN SHOWS A FEW 
particles of primary SILICON. 

segregate in the upper part of the casting. There was a distinct segrega- 
tion of silicon in this case in the upper half of the test bar. 4'his is 
shown clearly in Fig. 20, which is a photograph of the entire cross-section 
of the test bar. The round black spots represent the excess silicon or in 
some cases cavities from which particles of excess silicon have been 
broken out in polishing. In making this test bar the two halves of the 
mold were slightly out of line, causing an offset at the parting line. The 
segregation of silicon is seen to be on the upper side of this parting 
line. When these alloys are poured into a green-sand mold, a thin shell 
of solid metal forms very quickly. If a mold is broken open shortly after 
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Fk;. is. Modifiki) am.oy contaimng 14,20 peu text, silicox. Sample 

4'ENMr,E ,sTUKV(iTH 2(),r)20 LB. PEU SQ. IX.; ELOXG.VTION 6 PEK CEXT. EtCHED 
WITH 5 PEK GENT HF PLT.S 10 PEU GENT. IlXOs X 20. ThIS SPECIMEX SHOWS 
M .MEKOGS PAUTIGLES OF PUIMAR'i .SILICOX. 



Fig. 19. — Modified alloy containing 14.8 per cent, silicon. Sample 4023. 



608 


PROPERTIES OF SAND-CAST ALUMINUM-SILICON ALLOYS 


casting, i^the molten metal in the center can be poured out, leaving a 
slush casting of roughly tubular shape. It is probably during the 
relatively slow solidification of this molten interior that the particles of 
primary silicon separate and, being lighter than the molten alloy, rise to 
the upper portion of the casting. These particles do not quite reach the 
upper surface. 

In Figs. 15 and 16 especially, appear some fine white lines or veins. 
These represent the same constituent as the white dendrites; that is, 



Fig. 20. — Cross-section of test bar of modified alloy containing 14.8 >eu 
CENT. SILICON. 8ample 4023. Illustrating segreg.^tion of primary silicon 
IN UPPER half of section. Unetched. X 6. The black dots represent 
EITHER particles OF PRIMARY SILICON OR CAVITIES FROM WHICH SUCH PARTICLES 
HAVE BEEN BROKEN IN POLISHING. 


nearly pure aluminum containing a little silicon in solid solution. On 
closer examination they will also be found in many of the other 
photomicrographs. 

On a cross-section of a test bar these veins are roughly parallel to the 
surface of the bar. Looking at the entire cross-section, the veins are 
seen to form a series of concentric rings centering about a point nearly at 
the geometric center of the section. When the amount of silcon exceeds 
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the composition of the modified eutectic, coarse particles of silicon begin 
to appear along the veins of aluminum. 



I' Ki. 21. Samk si’K( imln as i\ Fk;. 19 showing sE(;ue(j.\tei) silicon particles 
iLi.rsTKATEi) IN Fic. 20. The lak<;e BLA<'K p.articles are pri.mary silicon. 
r.NKTCHKI). X HW). 



Fk;. 22.™Moi)ieiei) alloy (T)NT.\ining 12.79 per cent, silicon and 0.36 per 
CENT. IRON S\MPLE 3929. TeNSILE STRENGTH 26,590 LB. PER SQ. IN.; ELONGATION 
11.7 PER CENT. DeEPI.Y ETC HED WITH 5 PER CENT. HF PLUS 10 PER CENT. HNO3. 
X 100. The iron (’onstiti'Ent .■vppe.ars in the form of short black dashes 
USUALLY (’UKVED. 

Fig. 21 shows, at a magnification of 100 diameters, the segregated 
sample illustrated in Figs. 19 and 20. The large dark areas are the 
excess silicon particles. There can also be seen some of the silicon 
you 
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particles of intermediate size, which w^ere mentioned in the preceding 
paragraph as occurring along the white veins of aluminum. In many 



Fig. 23. — Same specimen as in Fig. 22, etched lkuitly with 0.5 per cent. 
HF. X 750. Shows a portion of the eute<"tic of Fig. 22. The iron con- 
stituent IS VISIBLE IN the FORM OF THIN LINES rsr.\I.LY CURVED AND OF LKiHTER 
COLOR THAN THE BLACK PARTICLES OF SILICON. 

cases these particles are strung out in a line along much more clearly 
marked aluminum veins. 



Fig. 24. — Modified alloy containing 12.79 per cent, silicon and 0.58 per 
CENT. iron. Sample 3932. Tensile strength 27,920 lb. per sq. in.; elongation 
9.2 PER cent. Deeply etched with 5 per cent. HF plus 10 per cent. HNO*. 
X 100. The iron constituent is black. 

Figs. 22 to 29 show the change in structure of modified alloys con- 
taining 12.79 per cent, silicon as the iron content increases from 0.36 per 
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cent, to 1.0 per cent. The iron constituent increases in size as the iron 
content increases. 



Fkj. 25. — Samk specimen as in Fk;. 24 but etc hed vehy lightly with 0.5 per 
C ENT. HF. X 750. The ikon con.stituent appears in halftone. 

Fig. 30 shows the structure of a modified alloy containing 2.75 per 
cent, .silicon and 0,44 per cent. iron. The iron constituent is very much 



Fifj. 26.-~MoDiriED alloy containing 12.79 per cent, silicon and 0.80 per 
CENT. iron. Sample 3937. Tensile strength 28,570 lb. per^. in.; elon^tion 
7.5 PER cent. Etched deeply' with 5 per cent. HF plus 10 per ** 

X 100. The iron constituent is black. Fcote that some of the iron constitu- 
ent occurs in the white areas of aluminum. 


coarser than in Fig. 22, in which the iron content of the alloy is nearly 
the same, but the silicon content very much higher. An explanation of 
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this is suggested by the fact that the iron constituent occurs almost 
entirely in the areas of aluminum-silicon eutectic. As the amount of 
silicon in the alloy decreases, the proportion of eutectic in the structure 



Fig. 27. — Same specimen as in Fig. 2G, but etched l](;htly w ith ()..') PErt cent. 
HF. X 750. The iron constituent appears in halftone, the silicon being 
black. 



Fig. 28. — Modified alloy containing 12.79 per cent, silicon and 1.0 per 
cent. iron. Sample 4104. Tensile strength 23,825 lb. per sq. in.; elongation 
2.5 per cent. Deeply etched with 5 per cent. HF plus 10 percent. HNOa. 
X 100. The iron constituent is black and occurs partly in the aluminum. 

decreases, and for a constant iron content in the alloy as a whole the 
percentage of iron in eutectic regions must increase. 
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Discussion of Results 

Referring to Fig. 10, it will be noted that the tensile strength of the 
normal alloys increases continuously from 12,800 Ih. per sq. in. for sand- 



Fii;. 29 .s[*k('i\ii:n a> i\ Fk;. 2S, hi t etched lichtev with 0.5 pek cent. 

II F. X 750. The ikon (Onstitcent i.s in halftone. Some of the particles 
OF the ikon con.^titcent appi:\u to have been fh\ctured in the tensile test. 



Fuj. 30. — Modified alloy containing 2,75 per cent, silicon and 0.44 per 
CENT. iron. 8\mple 4030. Etched deeply with concentrated HF. X 100. 
The iron constituent appears as dark lines in the eutectic areas. 

cast test bars made from the aluminum ingot (0.29 per cent, silicon) to a 
maximum of about 22,000 lb. per sq. in. for an alloy containing approxi- 
mately 11 per cent, silicon, after which it decreases to about 18,000 lb. 
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per sq. in. at 14 per cent, silicon. The maximum strength seems to occur 
at approximately the composition of the normal eutectic (11.6 per cent, 
silicon). The decrease of strength as the silicon rises above this point is 
undoubtedly due to the appearance of large particles of excess silicon and 
the consequent embrittlement of the alloys. 

The elongation of the normal alloys drops rapidly from 25 per cent, 
for the ingot to 10 per cent, at about 2 per cent, silicon, then more slowly 
as the silicon content increases. There appears, however, to be a slight 
maximum in the elongation curve at about 11 per cent, silicon; that is, at 
the normal eutectic. As the silicon rises above the eutectic proportion, 
the elongation decreases even more rapidly than the tensile strength, due 
again to the appearance of large particles of the hard and brittle 
primary silicon. 

Turning to the modified alloys, it will be noted first that for all com- 
positions both strength and elongation are higher than in the correspond- 
ing normal alloys. In the single experiment that was carried out, it was 
found that even the ingot aluminum was slightly improved by the 
addition of sodium. Since microscopic examination failed to reveal any 
free silicon in this material, the effect can scarcely be ascribed to modifi- 
cation in the usual sense. In all of the other alloys free silicon is present 
and is distinctly refined by the addition of sodium. 

In the modified alloys the strength increases continuously with the 
silicon content to a maximum which occurs at about 13.6 to 14.1 per 
cent, silicon. As was shown above, this corresponds approximately to 
the composition of the ^^modified eutectic, that is, to the composition 
which in the fully modified condition shows neither aluminum dendrites 
nor primary silicon. 

As in the case of the normal alloys, the elongation of the modified 
alloys falls rapidly as the silicon is increased from 0.29 to about 2 per 
cent. Further increase of silicon up to about 13 per cent, does not seem 
to have a marked effect on the elongation of the modified alloys. The 
results of the various experiments on alloys in this range of composition 
are not sufficiently consistent or numerous to determine the elongation 
curve with certainty. There seems to be a tendency for the elongation 
to pass through a minimum, perhaps at about 8 to 10 per cent, silicon. 

As the composition approaches that of the modified eutectic there is 
a definite increase in elongation, and it will be noted that the elongation 
values obtained on alloys containing about 13.25 to 14.0 per cent, silicon 
are very consistent. The highest value recorded is 15.5 per cent, elonga- 
tion, obtained with 14.06 per cent, silicon. Individual test bars showed 
elongations as high as 17.5 per cent. 

Both the strength and the elongation of the modified alloys decrease 
rapidly as the silicon content is increased above that of the modified 
eutectic. This is due not only to the appearance of relatively large 
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particles of primary silicon but also to the fact that the eutectic areas 
are no longer uniformly refined. 

In these experiments the silicon content was carried only slightly past 
the points at which the properties of the normal and modified alloys 
begin to decrease. It is known from many other experiments that the 
deterioration in strength and elongation continue as the silicon content 
is further increased. 

The preceding discussion refers entirely to the alloys in which the 
iron content was kept constant at about 0.35 per cent. 

Referring now to Table 6 and P"ig. 11, it will be seen that as the iron 
content of the alloys studied increases above 0.35 per cent, the elongation 
decreases. The strength increases at first, up to an iron content of about 
0.7 to 0.8 per cent., and then decreases. With this decrease of tensile 
strength, the decrease of elongation becomes especially rapid. 

The addition of iron to normal alloys produces somewhat similar 
effects; that is, decreased elongation and, eventually, decreased strength. 
The strength is at first increased, as in the modified alloys. In the nor- 
mal alloys the detrimental effect of iron is in general more marked as 
the silicon content increases. 

It seems somewhat paradoxical, therefore, to find, as indicated by 
the results here given, that the detrimental effects of iron in the modified 
alloys (11 to 14 per cent, silicon) are slightly less as the silicon content 
increases. This is perhaps explained by the observ^ation that, with a 
given iron content, the lower the silicon content of the alloy, the coarser 
the iron constituent found in the modified alloys (see Fig. 25 and dis- 
cussion). The general effects of iron seem to be adequately accounted 
for by the structural changes illustrated in Figs. 22 to 29. It is known 
that the harmful effects of iron in the alloys containing around 13 per 
cent, silicon rapidly increase as the iron content rises above 1.0 per cent. 
With higher iron content it does not appear possible, by the use of sodi- 
um, to keep the iron constituent from becoming very coarse. In alloys 
containing large amounts of iron, say over 1.0 per cent., it is quite likely 
that again the effect of iron is relatively more harmful as the silicon 
content increases, as has been found in the normal alloys."^ 

The discovery that the amount of sodium required to produce maxi- 
mum physical properties varies over a wide range as the silicon content 
of the alloy increases, as shown in Fig. 12, is obviously of great practical 


^ It has been observed in some cases that when the iron content of modified alloys 
begins to exceed the amount that gives maximum tensile strength, the iron constituent 
begins to appear in the primary aluminum areas as well as in the eutectic areas. This 
indicates that the coaraening of the iron constituent and the consequent rapid deteri- 
oration of physical properties are due to the fact that the iron content has exceeded 
that of the ternary (or more complex) eutectic, thereby causing the iron constituent 
to form at higher temperatures. 
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importance, and is of considerable theoretical interest as well. Referring 
to the curve, it will be noted that the amount of sodium added increases 
from about 0.01 per cent, for the aluminum ingot to about 0.06 per cent, 
at the composition of the normal eutectic, 11 to 12 per cent, silicon. As 
the silicon content increases from this point to that of the modified 
eutectic, the sodium requirement rises rapidly from 0.06 to about 0.10 
per cent. Beyond this point, still larger quantities of sodium seem to be 
required to produce maximum properties, although it is no longer possible 
to suppress completely the crystallization of excess silicon. 

The rapid increase in the sodium requirement as the silicon content 
rises above that of the normal eutectic is apparently due to the increased 
difficulty of suppressing the crystallization of the primary silicon. 

Some Practical Considerations 

The aluminum-silicon alloys possess certain advantageous properties 
which assure them an important place in the field of aluininum eastings. 
Among these may be mentioned fluidity, freedom from lM)t shortness, 
freedom from leakage, and resistance to corrosion. The alloy composi- 
tions employed, the proportion used in the modified condition, and the 
methods of modifying will eventually be determined by extended com- 
mercial experience. A laboratory investigation, such as the one here 
reported, can hope only to point out the possil)iliti(\s and perhaps shorten 
the route to the final result. It is beyond the scope of this jiaper to 
attempt a complete discussion of all the factors which even now are known 
to have a bearing on the practical application of these (‘\])erimental results. 
It is felt desirable, however, to call attention to a f(‘w points which seem 
to the present authors to be of special importance in connection with 
the modified alloys, and to outline a suggested method of apiiroaching 
the modifying problem. 

First, it is desired to emphasize the fact that the physical properties 
here given are close to the maximum values for the allo 3 ^s concerned. 
In the present state of the art, considerably lower values must be expected 
in average commercial practice. 

Most modified castings are now made of an alloy containing on the 
average about 12.75 per cent, silicon. The selection of this composition 
seems to be based on a demand for the best combination of tensile strength 
and elongation. For many purposes, modified alloys of considerably 
lower silicon content would probably be more suitable, on account of 
their greater softness, plasticity, electrical conductivity, or other special 
property. That these alloys, in the modified condition, have been some- 
what overlooked is perhaps due to lack of general knowledge that their 
properties can be so much improved by modification. 

The greatest demand will probably continue to be for the maximum 
combination of strength and elongation; that is, for the properties charac- 
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teristic of the alloys containing about 13 per cent, silicon. It has here 
been shown that both strength and elongation reach maximum values 
at or slightly below the composition of the modified eutectic, say at 
13.25 to 14.0 per cent, silicon. This does not necessarily mean, however, 
that the adoption of this range of composition would insure maximum 
properties in commercial castings. 

In the first place, it is commercially difficult to control composition 
within such close limits. It has been shown that as the silicon content 
exceeds the upper limit both strength and elongation fall off rapidly. 
A decrease of silicon content below the lower limit mentioned causes a 
much more gradual decrease in strength and elongation. Therefore it is 
safer to work towards the lower side of the optimum silicon content. 

Secondly, it is desirable to keep in mind the possible effects of imper- 
fect modification. The properties of the normal alloys begin to decrease 
as the silicon content rises above 11 to 12 per cent, and are distinctly 
inferior at 13.25 to 14.0 per cent, silicon. The possibility of failing to 
obtain complete modification, therefore, indicates the use of less than the 
theoretical optimum silicon content. With good foundry control and 
perhaps with increased technical knowledge, it may prove desirable to 
attempt to take advantage of the superior properties of the alloys with 
compositions close to that of the modified eutectic. 

Tlu' fact that the amount of sodium required to produce maximum 
properties varies with the silicon content (and perhaps with other charac- 
teristics) of the alloy indicates the desirability of basing commercial 
production of modified castings on large lots of uniform alloy. Having 
obtained a large (luantity of suitable material, a few preliminary experi- 
ments may be carried out to fix the details of the modifying process in 
accordance with conditions in the foundry and, perhaps, the requirements 
of the particular job to be run. 

Suppose the castings to be made are such that a pouring temperature 
of 693° C\ (1280° F.) is suitable, and that the size of the castings and the 
foundry equipment indicate a pouring crucible or ladle of 100-lb. capacity. 
The temperature of the metal at the time of adding sodium and the tem- 
perature to which the pouring crucible is preheated may then be deter- 
mined by experiment so that the metal will reach the desired pouring 
temperature in 5 to 25 (preferably 10 to 20) min., remembering that it 
is desirable to keep the modifying temperature under about 788° C. 
(1450° F.). Suppose it is found that with a modifying temperature of 
760° C. (1400° F.) and with the pouring crucible preheated to a dull red, 
the metal cools to the right pouring temperature in about 12 min. A few 
experiments with various amounts of sodium will indicate the best quan- 
tity to use under the conditions adopted. An attempt should then be 
made in regular practice to adhere as closely as possible to all details 
of the procedure thus determined. With a little experience, it is often 
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possible to tell from the fracture of the metal whether it is properly 
modified, under-modified (too httle sodium) or over-modified (too 
much sodium). 

Summary 

Results are given of an investigation of the effects of silicon content 
and iron content on the tensile properties of sand-cast aluminum-silicon 
alloys modified by the addition of sodium to the melt shortly before cast- 
ing. The modifying process is discussed in detail and some suggestions 
are made for the practical op)eration of this process. The tensile proper- 
ties are also given for a series of normal sand-cast aluminum-silicon alloys. 

The more important results are summarized in the following state- 
ments. The values given for the strength and elongation of the modified 
alloys are not average values but nearly maximum values of well modified 
sand-cast test bars 3^^ in. in diameter. The alloys under consideration 
contain less than 0.05 per cent, each of copper and manganese. 

1. Metallic sodium produces as good and as uniform modification as 
the salt flux, and is distinctly more economical. 

2. The chief requirement for good modification is that the molten 
alloy contain a certain definite amount of sodium at the moment of 
casting. Larger or smaller amounts give inferior results. 

3. The amount of sodium required for modification varies with the 
silicon content, and perhaps with other characteristics, of the alloy to 
be modified. The amount of sodium added to produce good modifica- 
tion, under the specific conditions here employed, varies from about 0.01 
per cent, for an alloy containing less than 1 per cent, silicon to about 
0.10 per cent, for an alloy containing 14 per cent, silicon. 

4. For sand castings J^in. thick modified with sodium, the modified 
'^eutectic” occurs at about 14.0 per cent, silicon. 

5. The tensile strength of the normal alloys increases with silicon 
content from 12,800 lb. per sq. in. for the aluminum ingot used to about 
22,000 lb. per sq. in. at the composition of the normal eutectic (11 to 12 
per cent, silicon), and then decreases rapidly with further additions of 
silicon. This applies to alloys containing 0.35 per cent. iron. 

6. The elongation of the normal alloys decreases rapidly from 25 
per cent, for the ingot to 10 per cent, at about 2 per cent, silicon, then 
more slowly as the silicon increases. There is apparently a slight maxi- 
mum of about 5 to 6 per cent, elongation at the composition of the normal 
eutectic. Further additions of silicon cause the elongation to decrease 
rapidly to less than 2 per cent, at 14 per cent, silicon. 

7. For all compositions both strength and elongation are improved by 
modification. 

8. The tensile strength of the modified alloys (0.35 per cent, iron) 
increases with silicon content to a maximum of 27,000 to 28,000 lb. per 
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sq. in. at the composition of the modified eutectic (14 per cent, silicon) 
then decreases with further additions of silicon. 

9. The elongation of the modified alloys decreases from 28 per cent, 
for the ingot to about 13 per cent, at 1.5 per cent, silicon, remains nearly 
constant to about 12 per cent, silicon, rises slightly at the composition of 
the modified eutectic (14 per cent, silicon), and then falls rapidly with 
higher amounts of silicon. 

10. The addition of iron above 0.35 per cent, to the modified alloys 
decreases elongation. 

11. The addition of iron above 0.35 per cent, to the modified alloys 
containing 1 1 to 14 per cent, silicon increases tensile strength up to about 
0.75 per cent, iron; further additions of iron decrease tensile strength 
as well as elongation. 

12. The alloy compositions which give the maximum properties when 
properly modified are not necessarily those which will consistently give 
the best average results in commercial practice. 

DISCUSSION 

J. L. Jones, Pittsburgh, Pa. — In the case of a quite large casting (say, 
one weighing 2500 lb.) would any more difficulty be experienced in 
meeting the U. S. Navy specification of 25,000 tensile strength and 8 
per cent, elongation, than would be had in the case of a small casting, 
both being cast from the 13 per cent, silicon alloy? 

F. B. Coyle, New York, N. Y. — At the Brooklyn Navy Yard modi- 
fied aluminum-silicon alloy castings containing 13 per cent, silicon up to 
350 lb. weight each have been manufactured. Until about a year or so 
ago no difficulty was encountered in meeting the Navy specification, but 
more recently we have had quite a bit of difficulty in meeting the 8 per 
cent, requirement for elongation. In discussing this there were two 
questions which arose: What was the iron content and what was the 
copper content? 

The results in the paper just read show the iron is low, 0.35 per cent. 
The Navy specification allows a maximum of 0.60 per cent. The copper 
in the results given today was maximum 0.04 per cent. The Navy speci- 
fication permits 0.60 per cent, on the 13 per cent, silicon type. About a 
year and a half ago the castings manufactured at the Brooklyn Navy 
Yard would run around 0.40 per cent, iron and 0.20 per cent, copper, and 
no difficulty was experienced. Some results were as high as 133^^ per 
cent, elongation. We had no difficulty whatever with the tensile 
strength, but in the last year some of the material delivered the original 
ingot — contained as high as 0.70 per cent. iron. Some ingots in the 
same lot would be about 0.85 per cent. ; the average would be just about 
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0.58 per cent. The result was that some lots of castings were obtained 
containing a bit over the maximum^ 0.60 per cent., which would cause 
the elongation to be low. 

Perhaps the author can present some more information about the 
effect of copper in excess of 0.40 per cent., with iron in excess of 0.50 
per cent. 

Another point I would like to ask in regard to the Navy specification is : 
Would it be advisable to lower the limit of iron to 0.50 per cent., and 
would it be possible to lower the content of copper, and to what extent, 
and what effect would it have upon the price of the original material? 

R. S. Archer. — The main problem in getting Navy specification 
properties on a 2500-lb. casting is that of modification. Presumably 
the test bars would still be cast in the small mold, so there is no (luestion 
of section thickness; it is a question of modifying a large quantity of 
metal. The largest amount of metal that we have ever modified at one 
time was 900 lb. We did that by melting in a brick-lined furnace and 
tapping into a 900-lb. ladle, throwing in the sodium from time to time 
during the tapping. Possibly there were six additions during that time. 
We only ran one experiment of this kind, and it happened that w(* got 
excellent physical properties, so we know it can be done, but we have not 
done it on a commercial scale. To pour your 2500-lb. casting would 
require, ordinaril}", about four such ladles, and you would have to modify 
them separately or else have a much larger ladle, and in general 1 would 
sav ^ could be done but it would probably be more difficult than handling 
t^" metal on a smaller scale. 

We are investigating the effect of copper content, as well as that of 
other elements, such as mangane.se, and we hope to present the.se results 
in detail some time. They are not yet sufficiently complete for pr(‘- 
sentation. However, I believe very little of the silicon alloy marketcal by 
the Aluminum Co. of America now contains as much as 0.2 per c(‘nt. c)f 
copper, and very little of it contains over 0.5 per cent, of iron, so that the 
copper content is ordinarily running clo.ser to 0.1 per cent. The nominal 
specification of the ingot has 0.6 per cent, iron as a maximum, but 1 think 
that it is being kept under 0.5 per cent. 

E. J. Decker, Philadelphia, Pa.— In your modified alloy do you use 
any kind of a clarifier, such as sodium chloride, for cleansing? 

R. S. Archer. — No, when we use the sodium we use no flux at all. As 
a matter of general practice, we find that when the metal is new and clean, 
the use of any kind of flux is apt to be more harmful than beneficial ; that 
is, outside of this special flux which is designed to produce sodium. 

F. B. Coyle. — I will answer the question about the size of thecasting 
more fully. The casting was an air-cooler body for a 175()-hp. Diesel 
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engine. The overall dimensions were about 18 by 24 by 40 in.; there 
were two sections each of that size cast together, making practically 
one castmg. The average wall thickness was about % inch. 

Mkmuer. What is the effect of annealing all eutectic analysis? 

R. S. Ah(’Hkr. The principal effect of annealing the modified castings 
consists in the spheroidizing of the silicon particles, a process of particle 
growth strictly analogous to the spheroidizing of cementite in steel; the 
particles become larger and more rounded. This is accompanied by a 
decrease in tensile strength and an increase in elongation. 

Member. What is the status of the line B.C. on the equilibrium 
diagram? 

It. S. Archer. This diagram, as I mentioned, is one in which the 
dotted lines do not even represent metastable equilibrium. It is a strictly 
unstable condition, there is no e(iuilibrium to it. It is a condition of 
undercooling, and the thermodynamic considerations of the phase rule 
and uihvv fundamental principles do not apply at all, any more than 
they do in a systcMii which is undercooled by rapid cooling. Actually, 
the silicon is in a condition of greater free energy simply because the 
particles are much smaller and therefore present more surface. 

The theory is gom* into in som(‘ detail in this paper, and references are 
giv(‘n to papers in which it is discussed in greater detail. 
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The Microstructure of Aluminum 

By K. L. Meissner, Berlin, Germany 

(New York Meeting, February, 1926) 

It is well known that the so-called pure aluminum contains noticeable 
amounts of impurities, chiefly iron and silicon, and many investigators 
have studied the forms in which these impurities exist. Hanson and 
Archbutt^ state that iron exists in aluminum as FeAla and silicon as 
elementary Si. The solubility of FeAU in solid aluminum is practically 
zero, or at least so small that the smallest trace of this compound is 
always visible as a separate constituent. Under the microscope an 
untrained eye can hardly distinguish, without etching, the two constituents 
FeAla and Si, but they can be differentiated by suitable etching reagents. 
Anderson^ also found the same results. 

At the same time, Merica, Waltenberg, and Freeman^ found a consti- 
tuent of unknown composition. They found a small thermal effect, at 
610° C., on the cooling curves of aluminum with small amounts of iron and 
silicon. The intensity of this effect increased with increasing silicon 
content, until an effect occurred at 576° C. due to the eutectic between 
aluminum and silicon. The authors ascribed the effect at 610° C. to a com- 
pound, which they call “X constituent.^^ It was thought to be a ternary 
compound containing iron and silicon and could be observed under the 
microscope as dark particles. 

Dix^ has published unetched photomicrographs of an aluminum with 
0.51 per cent, iron, 0.99 per cent, silicon, and 0.32 per cent, copper that 
shows three constituents: the dark Si (black in the figure), the lighter 
FeAls, which appears in half tone and crystallizes in needles, and a consti- 
tuent of the same color as FeAb but of different crystal form, often 
resembling Chinese script. This last constituent, Dix thought, is a com- 
pound of Fe and Si; not the compound FeSi but a compound containing a 
relatively small amount of silicon. Therefore an alloy of aluminum, 
iron, and silicon (the copper should not be regarded in the following 
considerations) must contain the following four constituents: Al, FeAla, 
Si, and a compound of Fe and Si. This, however, does not agree with 
the laws of chemical equilibrium. 

^ Jrd. Inst, of Metals (1919) 21 , 291. 

* Chem. <& Met Eng. (1919) 21, 229. 

» Trans. (1919) 64 , 3; Bur. Standard Sci. Paper No. 337 (1919). 

^ Chem. & Met. Eng. (1922) 27 , 1217; (1923) 28 , 392. 
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In this paper a method of research originated by Guertler,^ and first 
applied by the author,® for determining the equilibrium conditions 
in a number of ternary metal systems, is used in an effort to explain 
this problem. 

In Fig. 1 the ternary system Al-Fe-Si is shown, each angle representing 
one constituent as 100 per cent. The three sides signify the binary 
alloys Al-Fe, Al-Si, and Fe-Si. As only the aluminum-rich part of the 
diagram is of interest, on the Al-Fe axis there is shown only the compound 
richest in aluminum, FeAh. Similarly on the Fe-Si axis only the com- 
pound FeSi is marked. The third binary system, Al-Si, forms a simple 
eutectiferous series^ without any compound; hence on this axis no point 
is indicated. Within the triangle area, every composition containing the 
metallographic constituents of the three elements can be marked. 

To determine all the possible alloys of aluminum, iron, and silicon 
i. e., to determine whether in a certain composition the constituents 
Al, FeAU, Si, FeSi, etc. can exist, join the points corresponding to the 
three elements and both compounds, FeAb and FeSi as shown in Fig. 1. 
The lines Al-FeSi and FeAb-Si thus drawn cross at the point K. Accord- 
ing to the laws of chemical equilibrium, only on these junction lines 
can alloys containing no more than two constituents exist. When two 
such lines cross as in the present system, the question arises, which 
of the two lines corresponds to a quasi-binary^^ alloy system; that 
is, to a system containing the two constituents indicated at the ends 
of these lines. In the present case, it is a question whether the alloy 
corresponding to the point K consists of a mixture of Al and FeSi, or of 
FeAla and Si. All four constituents Al, FeAb, Si, and FeSi cannot occur 
simultaneously, because, in a mixture of three elements, and at a certain 
temperature, no more than three constituents can be in equilibrium 
together. Even three constituents, however, cannot exist at the point 
K, because it is impossible to produce by three constituents the mixture 
corresponding to the point K. Thus by mixing the two constituents 
FeAla and Si, the only result is a composition lying on the direct junction 
line between the two. Any addition of another constituent, for example 
Al, removes the composition of the final alloy from the direct line FeAla-Si, 
to which the point K belongs. 

For the present system Al-Fe-Si, it has been shown in the investiga- 
tion by Fuss,® carried out under the direction of Professor Guertler, 
that the line FeAU-Si corresponds to a real quasi-binary alloy system; 


* Metall und Erz ( 1920 ) 192 . 

• MetaU und Erz ( 1921 ) 146 , 358 , 410 , 438 , 466 ; ZeiX. Metallkunde ( 1922 ) 173 . 
^ W, Fraenkel; Zeit, anorg. Chemie, ( 1908 ) 58, 164 . 

> Zeit, MetaUkunde ( 1924 ) 16. 24 . 
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therefore, the line Al-FeSi must be omitted from the triangle diagram. 
In other words, mixtures of A1 and FeSi cannot be melted together in any 
composition, but they must react by turning into other constituents. 
For example, in the point K this reaction follows to the formula: 

3A1 + FeSi = FeAU + Si. 

In the space between A1 and K, aluminum is in excess; hence this reaction 
goes on until all FeSi has disappeared. After equilibrium is reached, 
the constituents Al, FeAb, and Si exist in the edloy. Similarly, in the 
space between the points K and FeSi there is an excess of FeSi. In 
such alloys, therefore, the reaction goes on until all the elementary 
aluminum has disappeared. 

The foregoing considerations are based on the presumption that no 
ternary compound exists in the system. In the investigation of Fuss, 





no compound of that kind has been found. Nevertheless, the possibility 
of one or even several ternary compounds existing must be considered ; 
to which possibility the various constituents of unknown identity men- 
tioned by Dix, and the thermal effect at 610° C. found by Merica and 
his associates, seem to point. It follows that, with the occurrence of 
even one ternary compound, new real sections (z. e., sections correspond- 
ing to quasi-binary alloy systems) and simultaneous new partial tri- 
angles must result in the ternary system Al-Fe-Si. It is also evident 
that such a ternary compound, if it exists at all, can lie only in the tri- 
angle of the system limited by the constituents Al, FeAl^, and Si, or on 
the line FeAls-Si itself, at least. Then, it is just as impossible for a 
compound of a composition lying outside of the triangle Al-FeAb-Si to 
be found in the microstructure of the aluminum as it is for the compound 
FeSi or any other Fe-Si compound. The section FeAb-Si, which is 
demonstrated to be real, makes it impossible for other constituents to 
exist in the aluminum-rich corner of the system Al, FeAb, and Si, 
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Assuming, now, the existence of a ternary compound Al^FcySi, in the 
triangle Al-FeAla-Si, its position in the diagram corresponding to the 
simple molecular proportions, the partial triangle Al-FeAls-Si, Fig. 2, 
will be divided into three systems. Within these systems only the 
constituents can exist that are indicated at the comers of each triangle. 
That means, for example, an alloy or an aluminum that, according to the 
amount of its impurities Fe and Si, lies in the triangle Al-FeAls-Al^^FcySi,, 
can contain only FeAls and the ternary compound besides the 
aluminum matrix. 

Now Dix mentions an aluminum with 0.63 per cent, iron and 0.63 
per cent, silicon, the photomicrograph of which shows needles of FeAU 
and the X constituent resembling '"Chinese script,” but no silicon is 
seen. He also states that, with increasing silicon content, all the Fe is 
contained in the X constituent, no more FeAls being found. In other 
words, the composition of the alloy, with increasing silicon content, has 



Fig. 3. 

passed over from the triangle Al-FeAls-Al^FoySi, to the triangle Al- 
AljFeySig-Si, where only these constituents can exist, and not the com- 
pound FeAla. This agrees with the statement of Merica that, at first, 
from a certain higher silicon content a thermal effect on the cooling curves 
is found at 576® G., due to the eutectic between aluminum and silicon. 
Thence it results that, at first, these alloys of the higher silicon content 
mentioned would lie with their composition in the triangle Al-Al^FcySi,- 
Si, to which also the eutectic point between aluminum and silicon 
belongs. With an aluminum of 1.0 per cent, iron and 2.0 per cent, silicon, 
mentioned by Dix, all FeAls has disappeared. There occurs the X con- 
stituent and elementary silicon, and another unknown constituent, which 
seems to be found only by equilibrium troubles. Dix writes that it would 
probably disappear by annealing, only the reaction goes on very slowly. 

In Fig. 3 is shown the aluminum-rich corner of the ternary system 
Al-Fe-Si on an enlarged scale, and with the positions of the two alloys 

VOL, iJtxxn.--40. 
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with 0.63 per cent, iron and 0.63 per cent, silicon (point 1) and with 1.0 
per cent, iron and 2.0 silicon (point 2) marked. The quasi-binary section 
Al-AlxFcySi, must, according to the microstructure given by Dix, pass 
between the points 1 and 2, as shown by the dotted line; that is, the posi- 
tion of the compound Al^FeySi, or of the X constituent (Merica) must be 
looked for near this line. 

Other problems have prevented the author from performing this 
investigation himself. He hopes, however, that he has given a suggestion 
for further experiments, which will give a final explanation of the riddles 
still existing in the microstructure of aluminum. 

DISCUSSION 

E. H. Drx, Jr., New Kensington, Pa. — The title, “The Microstructure 
of Aluminum,” is misleading and will probably cause confusion in refer- 
ences. I notice that Dr. Meissner has referred to some of my discussions. 
I have not had opportunity to look up the exact wording of my paper that 
he refers to on the first page, but have a feeling that at that time I was 
careful not to say that the “x” constituent was a compound of iron, silicon 
and aluminum. I know that I was rather specific that it was not the 
compound FeSi. 

Since that time I have had evidence of an indirect nature, which 
strengthens my feeling that the “x” constituent is not a definite com- 
poimd of iron, silicon and aluminum. Occasionally, in a reduction pot, 
the lining will break through, allowing some of the aluminum to slowly 
trickle down. If this happens to run over an iron re-enforcing bar, very 
often clumps of crystals are formed, which have very perfect exterior 
forms. I had the opportunity of examining three groups of these crystals. 
One group was composed entirely of well-formed needles, the form that 
we have always associated with FeAU. On analysis of these needles, 
we found that the composition was very close to the compound FeAlj, as 
close as we could expect because of the unavoidable errors which follow 
from analyzing such crystals. There was very little silicon present, less 
than 0.5 per cent. Another group of crystals contained thin hexagonal 
plates. In some of the aluminum alloys containing high iron and silicon 
we have found these same plates in the microstructure surrounded by 
areas of “Chinese script,” as though these hexagonal plates were a prim- 
ary constituent and the “Chinese script” the eutectic formed aroimd the 
primary particles. So that on analysis of these plates we were not sur- 
prised to find an appreciable quantity of silicon. The analysis showed in 
the neighborhood of 12 to 15 per cent, of both iron and silicon, the 
balance aluminum. 

I was elated at finding this and I said, “Here we have trapped the 
constituent at last.” We made up some alloy of that composition tmd we 
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found the microstructure to consist of iron needles and free silicon, scat- 
tered through a matrix of aluminum. On annealing for a considerable 
length of time at a high temperature, these particles did tend to take the 
form of hexagonal plates, and from this alone we would have been inclined 
to feel that perhaps there was a definite compound. However, a few 
months later we found another group of these crystals, very similar in 
appearance. On analysis, the ratio of the iron, silicon and aluminum was 
entirely different, which I believe indicates that there is not a definite 
compound. There is a reaction between the three to form a constituent, 
but not a definite compound. 

This whole method seems to be based on the fact that there is 
a definite ternary compound formed. It appears to me that the assump- 
tions necessary to apply this method are more difficult than would seem 
from reading the paper. Reference is made to the investigation by Fuss. 
I was rather disappointed when I looked it up. It was a paper of per- 
haps 3 or 4 pages, and in it there was possibly 15 systems mapped out. 
It would not be wise to depend very much on such very slight evidence. 
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The Relation between Metallurgy and Atomic Structure* 

By Paul D. Foote, f Washington, D. C. 

(New York Meeting, February, 1926) 


Most of the treatises on metallurgy intimate that simultaneously 
with the development by the atomic physicist of a really satisfactory 
theory of the atom will be inaugurated a new epoch in the science of 
metals. Metallurgically and metaphorically, we shall dwell in the 
Utopia of Sir Thomas More. It is my privilege this afternoon to demon- 
strate that this state has not arrived. 

An atom is a miniature planetary system consisting of a positively 
charged nuclear sun about which revolve electrons each carrying the 
negative charge e. The charge on the nucleus is + Ze where Z is the 
atomic number and the number of planetary electrons in a neutral atom 
is equal to Z. These electrons are arranged in several groups having 
diflPerent binding energies. Ordinary x-ray phenomena relate to processes 
occurring deep within the atom, usually with electrons in the so-called K 
or L shells. Such electrons in the heavier atoms are so closely bound to 
the nucleus that the forces exerted by neighboring atoms in a solid are 
relatively inappreciable. For most practical x-ray investigation, the 
atom may be considered as in the gaseous phase completely isolated from 
its neighbors. The K radiation from an element in the gaseous state, in 
the solid or liquid phase, or even in combination with other elements in all 
its possible valences, is almost identical, t 

Visual and ultraviolet spectroscopy is concerned with disturbances of 
the most loosely bound outer or valence electrons of the atom, always in 
the vapor state. The remarkable progress of the last year in both theo- 

* Presented in synopsis as the Fifth Annual Lecture of the Institute of Metals 
Division, the American Institute of Mining and Metallurgical Engineers, at the New 
York Meeting, February, 1926. Published by permission of the Dir^tor of the 
Bureau of Standards, Department of Commerce. 

t Physicist, Bureau of Standards. 

t Small variations in the K limit of a light element such as sulfur, amounting 
to a few parts in 5000, have been detected. The interpretation of such deviations 
as related to the atomic and molecular structure has not been developed, but it is 
quite possible that valuable information may be eventually derived from investiga- 
tion of this type, especially with the softer lines and limits.^ 
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retical and experimental spectroscopy has yielded an immense amount of 
information regarding the behavior of any isolated atom but almost 
nothing of direct application to the solid phase. 

Up to the present time the subject of atomic structure has been 
primarily devoted to the investigation of the outer groups of electrons of 
atoms in the vapor phase (conductivity of electricity through gases and 
vapors and spectroscopic phenomena) ; to the study of the inner electron 
groups which are ineffective chemically and in general physically (x-rays) ; 
and, finally, to experimentation upon the nuclear sun, the precise structure 
of which plays no direct role in a theory of the solid state (radioactivity 
and atomic disintegration). 

The science of metallurgy is concerned essentially with the solid or 
liquid phases of matter, with the properties of atomic clusters forming 
molecular compounds and crystals. Most of these properties are mainly 
due to the outer group of electrons in an atom. When the atoms are 
closely packed as in the solid or liquid states, serious distortions occur. 
The outer structure of an atom or molecule in the vapor is quite different 
from that in the solid. 

It is therefore very difficult to make quantitative predictions for the 
behavior of a solid from theoretical and experimental observations on the 
isolated or vapor atom. Ultimately, no doubt, the x-ray and ultraviolet 
technique will be so developed that the comparatively inaccessible spec- 
tral region comprising the far ultraviolet will have been completely 
explored. We shall then possess data which should be useful in the the- 
ory of the solid state. In spite of the present temporary diflSculties the 
paths of the metallurgist and atomic physicist are tending to converge, 
possibly in the field of crystallography. You are familiar with the 
developments from the metallurgical standpoint. I shall, therefore, 
attempt to describe in a very general way recent progress in certain 
phases of atomic physics which appear to offer possibilities for the exten- 
sion of our conceptions of the isolated atom to the solid and liquid states 
of matter. 


The Quantum Theory of Atomic Structure 

While we conceive of the atom as a planetary system of electrons, it is 
not entirely subject to the classical dynamic laws of ordinary celestial 
mechanics and electrodynamics. We have in the atom a kind of 
stability which is unknown in the classical mechanics. The fact that all 
atoms of a given species are exactly alike as determined by the most 
precise measurements; the fact that an atom is able to radiate a nearly 
monochromatic frequency instead of a spectral band, and that all atoms 
of the same species may emit precisely the same frequency, whether upon 



630 THB RELATION BETWEEN HETALLUROT AND ATOMIC STRUCTURE 


this earth or a distant star, are only the more astounding the longer one 
considers its philosophical aspect. For these and many other reasons we 
have been forced to adopt a new kind of mechanics, the quantum theory 
of spectroscopy and atomic structure.* 

According to the ordinary mechanics the electrons of an atom might 
revolve in a great variety of orbits, under the influence of the inverse 
square law of force between each pair of particles, so that various atoms 
of a given element should be quite different in their properties. A funda- 
mental postulate of the quantum theory of atomic structure requires 
that the electrons move on a discrete set of orbits chosen by the applica- 
tion of equations which are known as the quantum conditions. These 
equations state that certain quantities characterizing the motion must 
be equal to integral multiples of Planck’s constant h. The physical 
reason for this is unknown; its only justification lies in the precise experi- 
mental confirmation of numerous facts to which such an assumption 
leads. In the hydrogen atom, for example, we have a single electron 
revolving about a nucleus with unit positive charge. The motion of this 
electron is restricted to circular and elliptical orbits of such shape and 
size that 2v times its angular momentum is nh where n is an integer. 
The possible configurations complying with this condition are called 
stationary states because no radiation is emitted while the atom remains 
in such a state. Ordinarily it exists only in the stationary state of lowest 
energy but by absorption of radiation or by collision of certain types it 
may pass to an “excited” state of higher energy. Radiation is emitted 
during a transition from an excited state to a state of lower energy. 
The energy e lost in the transition is conserved as radiation of frequency p 
according to the simple but fundamental quantum relation e — hv. 
Thus observations on the radiation emitted by an atom furnish immediate 
information relative to the differences in energy of its various sta- 
tionary states. 

The most striking characteristic of the quantum theory of atomic 
structure is the frequent occurrence of integers and half integers; it is 
essentially a theory of numbers which are combined in all possible ways. 
The types of elliptical orbit upon which the electrons in the complicated 
atoms revolve may be characterized by quantum numbers n, k, k'. The 
number n is related to the size of the orbit, A; to its shape and k' to its 
porition in the atom relative to the other electronic orbits. For conven- 
ience a particular orbit is referred to by the notation nu<- The larger the 
value of n, the more loosely is the electron bound to the atom. The 
electrons may be grouped according to their values of n. For n » 1 we 
have the K shell effective in the hardest x-rays. The L shell is designated 
by n » 2 and so on for the M, N, 0 etc, shells. Table 1 shows the com- 
plete arrangement of the electrons in the 92 elements. 
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Table 1. — Arrangement o/ Electrons in Atoms 
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Table 1. — Arrangement of Electrons in Atoms — {Continued) 


K, L, and M Shells like Kr Complete with 28 Electrons 
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Table 1. — Arrangemmt of Electrons in Atoms — {Continued) 


Kf Lf M and N Shells like Lu Complete with 60 Electrons 



The principal features of this table were derived by Stoner,* empiri- 
cally, from consideration of various physical data, and by Main Smith,^ 
independently, from chemical data before its heuristic deduction by the 
recent work of Pauli,* Heisenberg* and Hund.^ It is an extension of the 
earlier suggeirtions made by Bohr.* The similarity of the inner structure 
of the different atoms is apparent. Beginning with helium the K shell is 
completely filled by two lu electrons for all succeeding atoms. The 2u 
group in the L shell remains permanently closed by two electrons for all 
elements following lithium, and so on. Any fc' group is closed by 2fc' 
electrons. This requires the closing of the n groups with the numerical 
sequences 2 + 8 + 18 + 32 which gives directly the periods of the ele- 
ments. The presence of homologues is immediately indicated by their 
general similarity in outer structure; compare the outer structures of Li, 
Na, K, Rb, Cs. The chemical simUarity of the triads, for example Fe, 
Co, Ni, and the existence of exactly 14 rare earths is a necessary require- 
ment of the theory upon which this table is based. Indeed in all physics 
and chemistry there are no phenomena of direct applicability which are 
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inconsistent with the electronic configuratioMB here described. Obviously 
to demonstrate the truth of such a statement would lead us far afield. 

X-raya arise from disturbances of the configurations in the underlying 
shells. For example, if a if electron is removed from the atom and an 
or Lni electron falls to the orbit originally occupied by the K electron, we 
have the emission of either the Ka% or Kai a?-ray line. All the known x- 
ray lines may be accounted for by the use of one K absorption limit, 3 L 
limits, 5 M limits and 7 N limits as indicated, and as found experimentally 
for atoms in which these shells are closed. 

When an outer or valence electron is ejected to a still further outlying 
orbit and then returns, it emits certain spectroscopic lines. Since these 
lines are concerned with transitions between various orbits which may 
be specified by the quantum numbers, there exists an interrelation between 
the spectral lines of a given atom. In the case of the alkalies, where 
there is a single valence electron, we have the familiar doublet spectrum 
containing pairs of lines which are arranged in a sequence of decreasing 
wave lengths. Many such series are known and the spectral term 
corresponding to a particular type of electronic configuration is given a 
name by spectroscopists. We therefore have S, P, P, P, G, P, J, if, L, 
etc., sequences, the character of any of which is readily recognizable by 
the behavior of the term when the radiating atom is in a magnetic field, 
i. 6., the Zeeman effect.^® 

If there is only one valence electron the spectroscopic terms belong 
to a doublet system. With two valence electrons, as for metals of 
Group II of the periodic table, we have singlet and triplet systems. The 
complication increases for elements with many valence electrons and 
spectroscopists have recently disentangled sequences belonging to quartet, 
quintet, sextet, septet and octet systems of certain atoms. Nearly every 
line in the spectrum of titanium has been classified. A few typical 
examples of the so-called multiplets belonging to different systems are 
shown in Fig. 1. The point which should be emphasized is that in these 
complicated spectra nature has furnished solutions of the n-body problem. 
Corresponding to any specified arrangement whatever of the valence 
electrons, we are able, by use of the formulas developed by Htmd,^ to 

* With the further accumulation of data slight changes may be necessary in this 
table but imdoubtedly they will be of minor importance. For example two slightly 
different configurations are indicated for Os and three for Ft. These differ by an 
exceedingly small amoimt of energy and all are possible. Just as with the Fe and 
Pd triads spectroscopic data will decide which of the configurations for each element 
of the Ft triad represents the normal state and which are the excited states of higher 
energy. A few other examples of a similar nature await confirmation, especially 
for the elements 89 to 92. The table includes hafnium, 72 Hf, discovered by v. 
Hevesy and Coster« in 1923, rhenium, 76 Re, and masurium, 43 Ma, discovered by 
Noddack and Tacke* in 1925, as well as the three yet unknown elements, 61, 85 and 
87. The complete spectrum of the latter may be predicted with fair certainty. 
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aesociate with this configuration a certain spectral term and, having 
found the term empirically, we know the energy of the atom in that 
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Fia. 1 . — Examples of various types of spectra of which the analysis fur- 
nishes THE KEY TO THE SOLUTION OF THE n-BODY PROBLEM OF ATOMIC STRUCTURE. 

Each marked group represents a single multiplet. Fourteen lines form a 
COMPLETE DF sextet. (PHOTOGRAPH BY MbGGBRB.) 

particular arrangement. The theory enables one to predict directly the 
type and relative magnitude of many of the terms in spectra which have 
not yet been classified. For example in certain rare earths where the 
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lines are so close together that the spectrum, except under high resolving 
power, appears practically continuous, we shall find systems with the 
multiplicity twelve. 

The electrons of an atom in the normal state are arranged in a con- 
fi^ration such that the total energy is a minimum consistent with the 
quantum postulates, this being the condition for permanent stability. 
Therefore, after the atom has emitted all the lines which it is able, follow- 
ing excitation of some type, it settles down into the configuration shown 
by Table 1. This configuration also corresponds to a certain spectro- 
scopic term which is tabulated in the third column. The superscript 
represents the multiplicity, singlet, doublet, etc., of the system to which 
the term belongs and the subscript gives the inner quantum number, the 
significance and importance of which will appear presently. From the 
magnitude of this term we are able to compute directly the ionization 
potential of an atom; that is, the amount of work necessary to remove 
the most loosely bound electron. In fact, by the use of x-ray and spectro- 
scopic data, it is possible to determine the amount of work required to 
pull any electron from any atom, as far as the data of this nature have 
been extended.^* 

Each electron in a complicated atom possesses a certain number k of 
units {h/2T) of angular momentum. The vector sum of these individual 
contributions by all the electrons gives the total angular momentum of 
the atom. This resultant is either an integral or half-integral multiple 
of the unit /i/2ir and is called j, the inner quantum number. Values 
of j, corresponding to the configurations shown in Table 1, are indicated 
by the subscripts to the letters in column 3, Configurations represented 
by closed or completed groups always have zero angular momentum, 
the momenta vectors of the separate electrons being directed symmetri- 
cally so that they mutually balance, e, g., the rare gases and metals of 
Group II of the periodic table. The values ofj are derived from the general 
theory. They are confirmed by spectral data and in certain cases have 
been measured directly.* 

An electron revolving in an orbit with the period r is equivalent to an 
electrical current e/r. Such a closed circuit acts as an elementary magnet 
of magnetic moment /xi = Ae/r where A is the area of the orbit. A Bohr 
magneton is the magnetic moment of a hydrogen atom in which the 
electron revolves in a circular orbit of radius 6.2910"* cm., that is, n = 1, 
fc = 1. If the magnetic moment of a complicated atom, the vector sum 
of the magnetic momenta of its planetary electrons, is measured in terms 
of this Bohr magneton as a unit, and if the classical methods for the 
addition of vectors are employed, it may be shown that the resultant 
magnetic moment m should be numerically equal to the mechanical moment 
j. This conclusion leads immediately to the normal Zeeman effect in which 
every spectral line in a magnetic field splits into a normal triplet, a simple 
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theory of which is readily derivable from classical considerations. Actu- 
ally, however, we have very few examples of the ^^normar' Zeeman effect. 
The atom is not a classical dynamic system and the correct relation 
between the magnetic and mechanical moments is given by the expression 
fjL - gj where g is a simple factor such as 2, 1, etc. The g factors are 
known for most types of spectroscopic terms. For example g = 2 for all 
the S terms of any system.^* 

Hence we are able to determine purely from spectroscopic data the 
magnetic moment of any atom. The configurations given in Table 1 for 



Fia. 2. — Schematic representation ojp the elementary cell op a body- 

centered CUBIC. To OBTAIN PERSPECTIVE IN THIS AND THE FOLLOWING MODELS, 
VIEW WITH ONE EYE CLOSED. 

all the alkalies and Cu, Ag, and Au correspond to an S term with the j 
value Multiplying this by g = 2, we find that the magnetic moment 
M of each of these atoms is one Bohr magneton. This has been directly 
confirmed with a precision of 10 per cent, by the beautiful experiments of 
Gerlach and Stern** who projected atoms of Cu, Ag, and Au with a 
definite velocity through an inhomogeneous magnetic field and measured 
their deflection. From the magnitude of the deflection, the geometrical 
arrangement of the apparatus and the characteristics of the field, the 
magnetic moment of the atom is readily calculable. No deflection was 
detected with Zn, Cd, and Hg, and none should be expected since j and 
hence m is zero for the electronic configurations characteristic of these 
atoms, as shown by Table 1. All the elements belonging to Group ii, in 
the vapor state, are therefore diamagnetic; likewise the rare gases for 
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which j is also zero. Most atoms in the vapor state, however, should be 
paramagnetic and the exact amount of the paramagnetism is readily 
predicted by the theoretical considerations outlined. 

It would seem that an atomic theory so successful for the vapor state 
might be extended to the liquid and solid phases. Ultimately, no doubt, 
this will be the case but at present we are confronted with the very serious 
difficulty, already mentioned, namely, the distortions of the orbits of the 
loosely bound electrons by the fields of neighboring atoms. One example 
is sufficient as an illustration. The single-valence electron of an alkali 
atom in the vapor state revolves in an elliptical orbit of high eccentricity. 
The maximum or aphelion distance of the electron may be computed from 
spectroscopic data. The orbit is constantly processing so that the 
effective diameter of the atom is twice this distance. The shortest 
distance between atoms in the crystal state is known from a^ray crystal 
analysis or may be computed, assuming a body-centered cubic packing, 
Fig. 2. We find that in the solid state the atoms are packed so closely 
that the valence electron does not have sufficient room, as is illustrated 
by Table 2. 


Table 2. — Diameter of Alkali Atoms In A (10“® Cm.) 



Li 

1 

Na 

K 

Rb 

1 Cb 

! 

Shortest distance between atoms (solid) . . . | 
Diameter of atom (vapor) j 

3.02 

4.75 

3.71 

6.01 

4.50 

6.05 

4.93 

6.32 

, 5.31 
6.82 


All of the ordinary optical orbits of the valence electrons are therefore 
suppressed in the solid state. This explains in part why a solid piece of 
metal is unable to emit the arc spectrum characteristic of its vapor. 
What becomes of the valence electron is at present a matter of conjecture 
to which we shall refer later. Possibly when the far ultraviolet is made 
more readily accessible we shall be able to observe line or narrow band 
radiation from a solid which will furnish definite evidence for its 
complete structure. 

It should be noted that while there is not sufficient room for the free 
play of the valence electrons in the solid state, there is generally space 
enough for the underlying shells. These are of much smaller dimensions 
and they shrink still more with the removal of one or several valence 
electrons. The theoretical considerations leading to Table 1 were 
confined to the neutral atom and were based upon arc spectra. However, 
the theory is equally applicable to ionized atoms. A similar table may be 
readily prepared for atoms from which one valence electron is removed. 
Another table may be, computed for doubly charged atoms, that is atoms 
which have lost two electrons, and so on. In fact the theory of atomic 
structure becomes simpler and more uniquely consistent for the higher 
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stages of ionization. Ionized atoms emit different types of spectra, 
the character of all of which may be predicted. In many cases these so- 
called spark spectra have been fairly completely observed and properly 
correlated in series by the spectroscopist. Spectra of very highly ionized 
atoms are produced with difficulty. Millikan and Bowen^^ have suc- 
ceeded in exciting a few lines in the chlorine atom from which six electrons 
have been removed, and in numerous atoms which have been three and 
four-fold ionized. The spectra of singly and doubly ionized atoms are 
quite readily observed in ordinary spark discharges. 

Ma<3netic Properties of Solutions 

In an aqueous solution of a salt the metal atom occurs as a positively 
charged ion. The rare-earth atom in solution is usually triply ionized 
and in a few cases quadruply ionized, having lost three or four valence 
electrons, respectively. Under such circumstances the atoms are of 
sufficiently small dimensions that they may be crowded in between the 
water molecules and other atoms without destroying the essential 
features of their ionic structure characteristic of the vapor state. Solu- 
tions of the rare-earth salts are strongly paramagnetic. The suscepti- 
bility, which is a measure of the paramagnetism, has been experimentally 
determined and values in terms of the Weiss magneton have been found 
for each of the rare-earth ions. The number of Weiss magnetons may be 
obtained theoretically by multiplying the number of Bohr magnetons by 
4.97 \/ (J -h i)/j. The number of Bohr magnetons follows directly from 
the values of j and g corresponding to the spectroscopic term representing 
the normal state of the vapor ion. While the spark spectra of the triply 
ionized rare earths have not been experimentally investigated, the general 
theory of spectroscopy^® permits their evaluation as given in Table 3. 


Table 3. — Magneton Numbers for the Rare Earths (Hund^^) 



Spectral 

Term 



Bohr 

Computed 

j Observed Weiss Magnetons 


y 


Magnetona 

Weiss 



oil %0 

0 





/* - y a 

Magnetons 

Cabrera*^ 

j St. Meyeri* 

La+++ 


0 


0,00 

0 

1 

r La diamagnetic 

\ Ce++++ 0.8 






Ce<’++ 

«F 

4 

h 

2,14 j 

12.5 

11.4 

13.8 (Pr4+) 

Pr+++ 


H 

3,20 

17.8 

17.8 

17.8 

1 

V 

H 

Ml 

8,27 

17.8 

18.0 

17.5 

T+++ 


4 

H 

2.40 

13.4 



Sin++* 

•H 


M 

0,71 

4.2 

i 8.0 

7.0 




0 


0,00 

0.0 

17,9 

18.0 

Gd+++ ! 

*8 

H 

2 

7,00 

39.4 

40.0 

40.2 

Tb++'*- 

V 

6 

H 

9,00 

48.3 

47.1 

44.8 

Dy+++ 



H 

10.00 

52.8 

52.2 

63.0 




8 

H 

10.00 

52.8 

52.0 

51.9 



6 

9i 

9.00 

47.7 

47.0 

46.7 

Tm+++ 

*H 

7.00 

37.6 

85.6 

87.5 






4.00 

22.5 

21.9 

22.5 



0 


0.00 

0.0 


diamagnetic 











640 THE RELATION RETWEEN METALLURGY AND ATOMIC STRUCTURE 


The sixth column gives the number of Weiss magnetons as computed 
solely from spectroscopic theory. The last two columns contain the 
direct magnetic measurements. The agreement is better illustrated 
by Fig. 3. The only point which deviates seriously from the theoretical 
curve is for Eu which v. Hevesy has shown always contains Gd as an 
impurity, up to 20 per cent. 

The correct prediction of magnetic properties of solutions from 
spectroscopic theory for the vapor state is an achievement of which the 
importance cannot be overestimated. This is an excellent illustration 
suggestive of a means whereby our knowledge of atomic structure may 
be extended to the solid state. While undoubtedly the actual binding 



Fig. 3. — Observed magneton numbers op tb® rare-earth ions and values com- 
puted FROM SPECTROSCOPIC THEORY. 

forces on the outer electrons of the ion are somewhat different in the 
solution from those in the vapor phase, a point which may be investigated 
by direct experiment when the soft a>-ray and ultraviolet technique 
is more thoroughly developed, yet the quantum numbers and their rela- 
tion to magnetic moment appear unaltered in the process of change of 
state. 

If these ideas are extended to the ions of the much lighter paramag- 
netic elements from Ca++ to Zn^"^, embracing the iron group, the experi- 
mental and theoretical data appear in fair qualitative agreement, but by 
no means so good as that illustrated by the rare earths. We shall not go 
into the details of this matter, which are somewhat involved. The basic 
spectroscopic term in Mn++ is *8^ which leads to the value 29.4 Weiss 
magnetons. Observed data** range from 29 to 29.3. The same spectral 
term applies also to Fe+++; the observed value of the magnetic moment 
is 29 Weiss magnetons. 
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Crystal Formation 

We shall now consider the nature of the forces which lead to crystalli- 
zation. A rare gas atom represents an extremely stable, closed configura- 
tion of electronic orbits having the resultant angular and magnetic 
momentum zero, as indicated in Table 1. There is considerable evidence, 
some of which will be apparent later, that the atomic structure of the gas 
is preserved in the frozen or crystalline state. Undoubtedly the binding 
energies of the various electrons are altered by the presence of closely 
neighboring atoms but the general configuration and quantum numbers 
descriptive of the orbits are probably retained in the solid. Fortunately, 



Fia. 4. — Schematic representation of the elementary cell of a face- 

centered CUBIC. 

unlike the metals, there appears to be sufficient room for these orbits. 
Argon crystallizes in the face-centered cubic system. Fig. 4, with the 
lattice space 3.84 A. The isolated atom certainly has a smaller 
diameter. The forces exerted between two neutral argon atoms, on 
account of their symmetrical configuration, must decrease with a very 
high power of their distance apart. While the inverse square law may 
hold at all distances for the action of an element of charge in one atom on 
an element of charge in another atom, the integrated effect of all elements 
expressed in terms of the single distance r between the centers or nuclei of 
the atoms is in general a complicated power series in where certain 
terms with a large exponent are effective, especially when the distance 
between centers becomes comparable to the atomic dimensions. 

VOL. Lxxni.— 41. 
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Let US assume, therefore, that there exists an attractive force between 
the argon atoms which may be represented roughly as proportional to r"***. 
If only this force were present the atoms would be continually attracted 
and would eventually coalesce. To counteract such a tendency there 
must exist simultaneously a repulsive force which may be represented as 
proportional to In other words, merely as a convenient approxima- 
tion, we retain in the power series development only two important terms 
having opposite signs. 

In so far, therefore, as this approximation is justifiable, and we shall 
find it in general sufficient, one should be able to evaluate these terms in 
the force equation, empirically from data on gaseous argon and extend 
them to the crystal state. In the crystal the distances between atoms 
must be such that an equilibrium position is attained in which the repul- 
sive and attractive forces counterbalance and for which the potential 
energy of the configuration has a minimum value. 

The viscosity of a gas may be theoretically expressed as a complicated 
function involving the dynamics of a collision between two atoms. This 
obviously depends upon the law of force. Also the van der Waals equation, 
which shows the departures of the pv relation from Boyle^s law at high 
pressure, may be interpreted in terms of the forces exerted between two 
atoms. Thermal conductivity of a gas likewise involves the mechanism 
of atomic collision. Using experimental data of the above character 
obtained directly from the behavior of the gas, Lennard-Jones^® has 
investigated the nature and magnitude of the repulsive and attractive 
forces. He finds that in argon these forces require a crystal having the 
face-centered cubic lattice as actually observed, even though the intera- 
tomic distance for such a lattice be greater than that for a simple cubic. 
The predicted lattice space was 3.89 A ; the observed value is 3.84 A . 

Polar Compounds — Alkali-halide Crystals 

Both physical and chemical evidence have shown that the halogen 
gases, in the neutral atomic state, possess a strong affinity for an electron, 
tending to attract an extra electron into its planetary configuration, thus 
becoming a singly charged negative ion. Referring to Table 1, it is 
apparent that the addition of one electron to a halogen atom produces an 
outer closed structure identical with that of the succeeding rare gas. It 
is now possible to evaluate quantitatively the magnitude of this electron 
affinity by the ingenious method of v. Angerer and Muller,*^ who have 
determined the photoelectric absorption of an alkali-halide vapor which 
at high temperature is dissociated into negative halide ions and positive 
alkali ions. 

The alkali-halide crystal is a configuration consisting of these negative 
halide ions and positive alkali ions generally arranged in a regular cubic 
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system as illustrated in Fig. 5. A closer representation of the actual 
packing is shown in Fig. 6 for NaBr where the various electronic orbits are 
schematically indicated. The valence electron of each sodium atom has 
been literally squeezed off into a bromine atom by the close packing. 
X-T&y crystal analysis merely shows the geometrical form of the lattice 
structure; it does not distinguish between an atomic latticelike argon and 
the assumed ionic lattice.* Some evidence for the latter is obtained 
spectroscopically from an investigation of the residual rays or metallic 



Fig. 5. — Schematic representation of the elementary cell of a regular 
CUBIC. Note that the black spheres alone form the elementary cell of a 
face-centered cubic. 

reflection of the salt in the infrared.^^ A satisfactory proof, however, of 
the ionic character is found in the following discussion. 

The K"^ ion and the 01“ ion resemble argon except for a small differ- 
ence in size (K'^ is slightly smaller and Cl~ larger^^). Hence it should be 
possible to extend the data on argon to the KOI crystal, consideration 
being given to the additional Coulomb or inverse square forces arising 
from the alternative arrangement of positive and negative ions. Similar 
data on neon should be applicable to the crystal NaF. Spectroscopic 
evidence again shows that the calcium atom, with its two valence elec- 
trons removed, and the sulfur atom which, by virtue of its electron 
affinity, has captured two electrons, have an electronic structure identical, 
except for size, with that of argon. That is Ca"^"*", A and S , and for the 


♦ See qualifying statement later. 
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same reason Mg++, Ne, and 0 — are similar. Hence data on the rare 
gases A and Ne should lead to predictions relative to the crystal structure 
of CaS and MgO which form a rock-salt type of crystal. Table 4 gives 
the lattice space So, the distance between two ions of the same type, as 
observed and as computed by Lennard-Jones^® from rare gas data. All 
these values have been decreased by about 1 per cent, to apply at 0® 



Fig. 6. — The spectroscopist’s conception op a NaBb crystal belonging 

TO THE regular CUBIC SYSTEM. ThE ELLIPSES REPRESENT ELECTRON ORBITS CHAR- 
ACTERISTIC OP THE VARIOUS ATOMS. ThE Na^ IONS ARE SOMEWHAT SMALLER THAN 
THE Br“ ions. 


absolute for reasons which will presently appear. The correction factor 
is obtained from the linear coefficient of expansion. 


Table 4. — Lattice Spacing y Observed and Computed from Data on Rare Gas 


Crystal 

1 

Observed 

Computed 

KCl 

6.19A 

6.16 A 

CaS 

5.63 

5.58 

NaF 

4.67 

4.54 

MgO 

4.14 

4.22 
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When the law of force between any pair of ions in a crystal is known it 
is merely a somewhat tedious problem of geometry to compute the poten- 
tial energy of the crystal. This involves e*, the lattice space 5 and certain 
constants which depend upon the crystal system. For example the 
coulomb force contributes the amount —a/6, where a = 13.94 to 
the potential energy v? of a single elementary cell of the NaCl type as 
illustrated in Fig. 6. In addition we have the contribution made by the 
complicated attractive and repulsive forces characteristic of a rare-gas 
crystal. We shall as an approximation group these together as a single 
term and represent the total energy of a single cell in the crystal by Eq. (1) : 

^ = - “ + ( 1 ) 


where the only empirical constant is c = 1.725T0®. The constant h 
is expressible in terms of a, c, and the grating space, and so may 
be eliminated.* 

If we compress a crystal, work must be done against the electrostatic 
forces. All the ions are crowded more closely together, that is, 6 in Eq. (1) 
decreases. To simplify the conditions we shall assume the experiments 
are carried out at 0° absolute; hence, we do not need to consider terms 
which otherwise contribute to the kinetic energy of the atoms and 
specific heat. All the work of compression is utilized in increasing the 
potential energy, and we have the general thermodynamic relation^^ 

“Z + 3pa< - 0 (2) 


where p is the applied pressure. 


Compressibility is defined by the formula 
1 db^ 


6o^ dp 


(3) 


where 6o is the lattice space at zero pressure (or one atmosphere since 
very high pressures are required to produce an appreciable alteration in 6). 
From Eqs. (1), (2) and (3) one obtains for the compressibility kq at 
p = 0 the following expression: 

96o^ 

Ko = .2 X 

Hso " V 


It may be further shown that the pressure coefficient of compressibility 
^0 is expressed by Eq. (5). 



^ .>(6 - cnl) 
27 6j 


+ 2ko 


(5) 


* Many different functions have been proposed for the second term. Some of 
these are discussed by Born** who is responsible for the general theory and applica- 
tions of lattice energy computations. Slater** uses a Taylor series expansion and 
is able to evaluate the electronic charge from compressibility data, obtaining 

6.1 *10“^® e. s. u. in good agreement with Millikan’s value 4.774*10“^®. 
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The fourth column of Table 5 lists Slater^s measurements^^ of the 
compressibilities for several halides having the lattice spacing shown in 
column 2. The third column gives the values computed by Eq. (4). 
The observed and computed data are in excellent agreement. The fifth 
column gives the pressure coefficients of compressibility computed by Eq. 
(5) using computed values of ko, and the sixth column, Slater^s measure- 
ments. The agreement is qualitatively good. This is therefore an 
example where the theory of atomic structure extended to crystal 
formation leads to a more satisfactory understanding of certain 
phenomena of an engineering character. 


Table 5. — Lattice Energies^ Compressibilities and Pressure Coefficients 
of Compressibility of the Alkali Halides 


Crystal 

5o • 10« 
cm. 

*0 

10« 


10»» 

U in Kg Cal/Mol 

Com- 

puted 

Ob- 

1 served 

Com- 

puted 

Ob- 

served 

Com- 

puted 

Ob- 

served 

Slater 

LiF 

3 94 

1.4 

1.4 

6 

12 

250 

254 

231 

LiCl 

5 08 

2 8 

2 7 

15 

20 

200 

205 

189 

LiBr 

5.43 

3.3 

3.2 

19 

24 

189 

191 

180 

NaCl 

. ' 5 55 

3 6 

3 3 

20 1 

22 

186 

181 

178 

NaBr 

5 85 

4.1 

3 9 

: 24 

25 

177 

169 

169 

KF 

5.28 

3 1 

3 2 

1 17 

20 

194 

196 

: 182 

KCl 

6 19 

4 8 

4.8 

29 

27 

168 

165 

164 

KBr 

6.47 

5 4 

5.5 

34 

32 

162 

154 

157 

KI 

6 96 

6 7 

7 0 

44 

39 

151 

143 

148 

RbBr 

. 6 74 

6.1 

6 5 

39 

1 35 

156 i 

150 

152 

Rbl 

. 1 7.20 

i 

7 3 

7 6 

49 , 

43 

147 

139 1 

1 147 


By use of Eq. (1) we may compute the total potential energy of the 
elementary cell or the work [/ = — ^ necessary to completely vaporize it, 
that is, to remove the various ions to infinity. Instead of expressing the 
quantity in ergs per unit cell we shall use the more customary chemical 
notation, kg cal per gram mol. There are 6.060 • 10^* molecules in a mol 
and four molecules per cell in the simple cubic crystal. Using these data 
and the mechanical equivalent of heat, Eq. (1) may be expressed as follows : 

U = 1.150 - kg cal/mol (6) 

Values computed in this manner are tabulated in the seventh column of 
Table 5. It is of interest that while the equilibrium of the crystal 
depends on the mutual balancing of the ordinary Coulomb force and the 
special forces arising from the finite size of the ions, the energy of the con- 
figuration arises mainly in the Coulomb field. The exponential term in 
Eq. (1) is merely of a corrective nature, being always less than 10 per 
cent, of the first term. 
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The work required to destroy the crystal has not been measured directly 
but it may be obtained through an ingenious cyclic process, first 
employed by Born, involving thermochemical and atomic constants. 
Starting with a gram mol of sodium chloride crystal, for example, we do 
the work QNaCb the heat of formation as measured by the chemist, and 
obtain a gram atom of solid sodium and one-half gram mol of chlorine 
gas. The solid sodium is then sublimed requiring the work Snb, the 
latent heat of sublimation. The diatomic chlorine is converted to mona- 
tomic chlorine by the work Dc\ representing the heat of dissociation. We 
now have a gram atom of sodium vapor and a gram atom of monatomic 
chlorine gas. Every sodium atom is then ionized by removing the 
valence electron thus doing the work We obtain 6.060* 10^* electrons 

which are allowed to unite with the corresponding number of chlorine 
atoms. In this process the work Eci is done by the system. The 
final product is a gram atom of negative chlorine atoms. By definition, 
therefore, the total work expended is equal to U as follows: 

u = Qs&Cl + ^Na + + Dqi — Eq] (7) 

All of these quantities are known from direct experiment. In the eighth 
column of Table 5 are listed the experimental values of [/obtained in this 
manner as summarized in an extensive paper by Grimm and Herzfeld.^^ 
In the last column are Slater ^s estimates which were derived from com- 
pressibility data by a procedure considerably different from that 
described above. 

It is possible to evaluate U the work required to destroy a KCl crystal 
through the consideration solely of physical data on the rare gas argon. 
Thus Lennard-Jones^ empirically derived force function for argon leads to 
U = 179 kg cal/mol for KCl and the data on neon predict U = 239 kg 
cal/mol for NaF. Furthermore the argon data indicate a compressibility 
for KCl of Ko = 3 • which is in qualitative agreement with experiment. 

Lattice Structure of Metals 

Lattice energy and compressibility computations of the type des- 
cribed have been extended with success to other forms of crystal, such as 
the ZnS and CaFa structures where the positive metal ion carries a double 
charge. The calcium atoms in CaF 2 , Fig. 7, form a face-centered cube. 
This is precisely the structure of metallic calcium. Since there is not 
sufficient room in the calcium crystal for the free play of both valence 
electrons, it appears logical to assume that these might replace the spaces 
occupied by the fluorine atoms in CaF 2 . Hence Ca, and presumably Ba 
and Sr, metal crystals might be expected to form a CaF 2 type of lattice 
structure made up of doubly charged metal ions and electrons. There is 
also the possibility of another arrangement consisting of singly charged 
calcium atoms and electrons in a regular cubic formation like NaCl. The 
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metals Cu, Ag, and Au also crystallize in the face-centered cubic system 
so that a lattice of the NaCl type with Cu^ and electrons is geomet- 
rically possible. 

A great deal of effort has been expended in attempts to establish a 
satisfactory theory of ionic lattice structure in metal crystals by extending 
the general conceptions employed above in the consideration of polar 
crystal formation.^® While these developments have not been crowned 
with success, there are enough qualitative agreements between the 
theoretical and observed data to involve a serious consideration as to 



Fig. 7. — Schematic representation op the elementary cell of the CaFj 

CRYSTAL. 

whether they may be merely numerical coincidences. Arguments of a 
thermodynamic nature,*^ which have been advanced against the theory, 
appear faulty; in fact, the same reasoning is applicable to the structure 
of a crystal such as NaCl. On the other hand the alkali metals which 
crystallize in the body-centered cubic system present a puzzle. There 
is no way by which alkali ions and electrons may be geometrically arranged 
with a symmetrical elementary cell conforming to the observed structure 
of the metal, and yet the assumption of an ion-electron lattice yields 
certain correct numerical relationships. Thomson*® has proposed a 
larger unit cell which partially overcomes this objection but which appears 
rather artificial. 

The work U required to destroy a gram mol of metal crystal consisting 
of singly charged metal ions and electrons, at 0® absolute, that is, the work 
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necessary for the removal to infinity of all the ions and electrons is given 
by the relation 

Ui = Ji + S (8) 

where S is the heat of sublimation and Ji the work required to ionize 
6.060- 10^® metal vapor atoms, i. e., the ionization potential for the neutral 
atom referred to a gram atom. If the metal ion occurs in the crystal 
doubly charged we have 

U 2 = Ji J 2 S (9) 

where J 2 represents the work necessary to remove the second valence 
electron from the atom after the first has been removed, i. e., the second 
ionization potential. The quantities on the right-hand side of Eqs. (8) 
and (9) are, in general, known from spectroscopic, critical potential and 
thermochemical data. Table 6 gives the lattice space, corrected for 0° 
absolute, as measured by x-ray data or density determinations, for 
several elements belonging to the face-centered cubical system. This is 
also the side of the unit cell of the regular cubic which is geometrically 
possible for the alternate arrangement of singly charged ions and electrons. 
The fifth column gives the value of the lattice energy U determined 
through the use of Eq. (8). 


Table 6. — Ion-electron Lattice of NaCl Type 






U Kg Cal/Mol 


•10‘* 

Metal 

S 9 

Ji 

s 

— 

— 

— 

— - -- 





Observed 

Computed] Observed** 

Computed 

Cll 

3.59 A 

177.4 

75 

252 

269 

.66 

1.1 

Ag 

4.06 

174.0 ; 

65 

239 

243 

.90 

1.5 

Au 

4.05 

212.2 

84 

296 

243 

.53 

1.5 

Ca 

5.52 

140.4 

38 

178 

186 

4.8 

3.5 

Sr 

6.04 

130.8 

38 

169 

172 

7.8 

4 4 

Ba 

6.15 

119.7 ; 

37 

1 

157 

169 


4.7 


The work U may be computed by Eq. (6) if we assume that the 
forces existing in an ion-electron lattice are identical to those in an ion-ion 
lattice. As an approximation for U this may be sufficient since, as pointed 
out earlier, the main contribution to the energy arises in the Coulomb 
forces. The sixth column of Table 6, therefore, shows the energy values 
computed with the same constants employed for the alkali-halides. The 
agreement between the computed and observed data is, except for Au, 
almost within the accuracy with which the heats of sublimation are 
known. The observed compressibility and that computed by Eq. (4) 
show agreement merely in order of magnitude. The theoretical values of 
U for Ca, Sr and Ba appear somewhat less consistent when a CaF 2 type 
of ion-electron crystal is assumed. 
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It is possibly more logical to employ some a 'priori reasonable function 
containing a single empirical constant for the energy of the unit cell of a 
particular metal crystal and evaluate this constant by use of the com- 
pressibility coefficient kq. The astonishing and important feature of the 
lattice theory as applied to the alkali-halogen crystals was that a single 
empirical constant in a simple function sufficed for all the salts. When 
this procedure is extended to metals we find a different constant for each 
metal of the same assumed crystal structure. However it is of interest 
to see whether the compressibility data are consistent with the observed 
lattice energies. We shall try two different relations for the energy; 
Eq. (1), which was so successful for the halides, and Eq. (10) which 
has been more generally employed by Bom,®^ Fajans, Weigle and 
many others: 


<fi= -1 + be-‘‘ 

(1) 

a b 
“5 + 5" 

(10) 


where a = 13.946^ for the NaCl structure and a = 46.936^ for the CaF 2 
structure. The single empirical constant in each of these equations is c 
and n, respectively, since the constant b may be expressed in terms of a 
and c or a and n. The results for five metals are summarized in Table 7. 

Table 7. — Ion-electron Lattices 






NaCl Type of Crystal 



Metal 

• 101* 
Bridgman** 

By Eq. (1) 

1 By Eq. (10) 

u - /i + 




c 

u 

n 

u 

(obs.) 


Cu 

.66 

2.55 • 108 

287 

1 

1 8.1 

282 

252 


Ag 

.90 

2.60 

257 

! 9.5 

254 

239 


Au 

.53 , 

4.04 

262 

1 15.4 

267 

296 


Ca i 

4.8 

1.36 

180 

I 6.5 

177 

178 


Sr 

7.8 

1.13 

162 

i 5.8 

168 

169 


i 


CaF 2 Type of Crystal 

J 2 +S ' 

Ji 

Ca 

4.8 

6.57 • 10^ 

578 

2.6 

437 

451 

272.6 

Sr 

7.8 

5.68 

482 

2.4 

379 

422 

253.3 


The agreement between computed and observed values of U for Ca 
and Sr argues for an NaCl structure in which the ions carry a single 
charge. However, especially with Cu, Ag and Au, discrepancies by 
either formula occur which cannot be attributed to an error in the heat of 
sublimation S. It is doubtful if so large an error could have been intro- 
duced in converting Bridgman^s compressibilities to 0® abs. Admitting 
the general hypothesis, the basic trouble would appear to be in the 
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empirically selected formulas (1) and (10). Evidently these are far too 
simple relations for ion-electron lattices. A general expression must be 
able to account for the fact that Ag and Au, with almost exactly the same 
grating space, have compressibilities in the ratio 9:5 and lattice energies 
in the ratio 4:5. Bridgman*® has considered the subject in some detail 
but so far without definite conclusions as to the actual existence of the 
ion-electron lattices. 

Photoelectric and Other Phenomena 

If metal crystals represent an ion-electron lattice there should be some 
relation between the characteristics of the lattice and the photoelectric or 
thermionic properties of the metal. By means of some rather question- 
able assumptions Weigle^® has computed the thermionic work function of 
the alkalies in terms of the lattice energy = J + /S, thereby obtaining 
excellent agreement with experiment. Possibly a more logical procedure, 
however, is that adopted in his second paper^’ on calcium in which the 
potential is computed at the point occupied by a given ion or electron 
due to all the other ions and electrons. Dr. Ruark and the writer have 
made a calculation, similar in principle, for the NaCl lattice, following 
the general mathematical procedure of Madelung.** We shall consider 
the lattice as made up of point charges so that only the inverse square 
law of force is effective. The work required to remove either a single 
positive or negative ion is equal to the computed potential times the 
electronic charge, provided we neglect the distortion of the crystal at the 
surface and that arising in the removal of an elementary charge. This 
work depends only slightly upon the depth from which the charge is 
removed, as follows : 

Removal of electron or ion from crystal surface (plane 0) = 3.364e*5o 
ergs = 0 = 4.82- 10“ V^o volts. 

Removal of electron or ion from plane 1 = 3.498e*/5o ergs 
=c= 5.00*10“^ • /do volts. 

Removal of electron or ion from planes 2, 3, etc. = 3.497e*/5o ergs 
= 0 = 5.0010“V5o volts. 

Hence for copper, for which 8q = 3.59T0“® cm., we find that the work 
required to remove either an ion or an electron from an underlying layer 
in the simple cubic lattice corresponds to 13.9 volts, while the photo- 
electric threshold is only 4.1 volts. However, on the basis of any theory 
of the structure of metals, it is not always necessary that the photo- 
electron be the original valence electron as is ordinarily assumed. In this 
particular case for example it requires much less work to remove an 
electron from the copper ion than to remove either the ion itself or the 
valence electron forming the lattice. Let us consider the following cyclic 
process. We shall first pull out the Cu+ ion requiring 13.9 volts then 
ionize the vapor ion by removing its most loosely bound electron. The 
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transition Cu+ Cu*^ requires 21 volts as estimated by Grimm and 
Herzfeld^® from thermochemical data. As an independent process, we 
shall photoelectrically eject the same electron from the Cu’*’ ion in the 
crystal requiring the work L and then remove the Cu'*’+ ion from the 
crystal by the expenditure of the work 2*13.9 = 27.8 volts. The final 
result is the same in either case so that 13.9 + 21 = L + 27.8 or L, the 
computed photoelectric threshold, is 7.1 volts, considerably less than the 
work required to eject the valence electron from the crystal but still 
larger than the experimental value. These computations might be 
refined by correcting for the size of the ions, assumed as point charges 
and for the distortion of the surface and interior of the crystal, but the 
outlook is not very promising in view of the mathematical complexity. 

Confirmatory evidence sometimes advanced for the ionic character of 
the halogen-alkali salts is presented by the type of diffraction pattern 
obtained, for example, in the Debye-Sherrer or Hull powder analysis 
method. Thus while in KI or KBr the alkali atoms and the halogen atoms 
lie on two interlocked face-centered cubes with the formation of a simple 
cubic, the diffracting powers of the two atoms differ so much that the 
observed pattern is characteristic of a face-centered cubic system. On 
the other hand the diffracting powers of the two types of atom in KCl are 
so nearly identical that even with greatly prolonged exposure no lines due 
to incomplete interference are observable; the pattern is strictly that of a 
simple cubic. From this the inference may be drawn that in the KCl 
crystal each atom possesses the same number of electrons, 18, and hence 
occurs as an ion. In this conclusion we neglect consideration of the fact 
that the electrons are more closely bound in K*^ than in Cl^and hence 
might scatter differently. 

A similar type of argument has been proposed against the ion-electron 
lattice structure of metals.*^ In the diffraction pattern of lithium no 
evidence is found for an electron lattice, whereas there are available for 
scattering only twice as many electrons in the lithium ions as in the rest of 
the structure. It should be emphasized, however, that the interpretation 
of experiments on x-ray scattering as related to electron grouping is at 
present highly speculative.^® 

Possibly the ion-electron lattice idea may be preserved by considering 
the electrons in rapid oscillation about their equilibrium positions. 
Under such conditions, as with a rigid lattice, they would not contribute 
angular momentum to the structure. Many properties of the metal, 
therefore, should be characteristic of the ions and might be predicted 
from spectroscopic data, as has been illustrated by the magnetic behavior 
of the rare-earth ions in aqueous solution. For example, were this 
conception correct, all the solid metals of Group i should be diamagnetic 
and those of Group ii either diamagnetic or showing paramagnetism 
amounting to 7 Weiss magnetons depending upon their ionic structure. 
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Cu, Ag and Au are definitely diamagnetic but certain of the alkalies 
appear to be paramagnetic. 

It may be shown from classical electrodynamics that if a magnetized 
iron needle or cylinder is suddenly demagnetized, the loss of magnetic 
moment should produce a mechanical moment on the system resulting in 
a slight tendency for the needle to spin about its axis (Einstein-deHaas 
effect®®). Conversely, the spinning of an iron rod about its axis produces 
a magnetic moment (Barnett effect®^). Extensive experiments, devel- 
oped from these two opposite points of view, have proved that the ratio 
of magnetic to mechanical moment is exactly two, i. e.j ii = gj; where g = 
2. If we may apply spectroscopic reasoning®® to solid iron we may con- 
clude that each iron atom is in an S state since the S terms have a g value 
of 2. Hund's theory^ shows that the only normal S term for iron occurs in 
the three-fold ion Fe++'‘' for which the basic level is ®/S. All the magneto- 
mechanical effects observed in iron, therefore, could be interpreted if we 
assume that the body-centered cubic structure of iron represented a 
lattice of the three-fold ions. Curiously enough this is the only structure 
which, from a purely geometrical standpoint, will satisfactorily take care 
of the remaining electrons. The lattice is geometrically complete if the 
equilibrium positions of the electrons occur at the center of each edge and 
each face of the elementary cube. In a somewhat similar manner the 
magneto-mechanical properties of cobalt and nickel may be correlated. 

Conclusion 

It must be admitted that up to the present moment the theory of 
atomic structure has contributed little of a definite nature to our knowl- 
edge of the solid state.®® We have confined ourselves to a very superficial 
consideration of but two general types of phenomena, paramagnetism and 
crystal structure, hoping that some opening would appear for the power- 
ful entering wedge of spectroscopy. The consideration of the vast 
accumulation of data on thermal and electrical conductivity, specific 
heats, thermoelectric and many other physical phenomena does not appear 
capable of yielding immediate results of a more definite character. 

One source of trouble lies in the paucity of experimental data in almost 
every channel along which the theoretical developments have seemed 
promising. We should have information concerning the works of ioniza- 
tion from the outer levels of atoms in metallic and salt crystals, that is, 
measurements of the softest a;-ray limits. Many of these absorption 
limits are within reach of the vacuum grating and fluorite spectrograph 
and might be located by direct determination of relative absorption of 
reflection coefficients. Further data are desirable on refractive indices or 
solids and solutions, especially in the ultraviolet and across absorption 
bands. The woeful deficiency of experimental material is well illustrated 
in the subject of molecular refraction and ionic deformability, a field 
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which offers great promise for extending the conceptions of spectroscopy 
to the solid state. Thus from data on line emission of the vapor 
one may compute the molecular refraction of the various ions forming a 
salt and from this predict the location of the ultraviolet absorption bands 
effective in dispersion. These bands for all of the alkali halides lie between 
600 and 2000 A. Not a single experimental measurement has ever been 
made either in absorption or refraction on these materials in this 
spectral range. 

It is important that x-ray scattering experiments be developed at 
least to a stage where one may definitely conclude whether or not an atom 
exists as an ion in the metal. The observations on the photoelectric limit 
of metals are hopelessly discordant and almost no reliable data for the 
magneton numbers of the solid elements are available. 

Possibly the most easily secured immediate results could be obtained 
from a systematic investigation of the absorption of aqueous solutions of 
ionized salts especially to the limit of the fluorite spectrograph. In an 
aqueous solution of KI, for example, the absorption by the potassium ions 
should lie in the far ultraviolet but that due to the iodine ions should be 
readily observable. All the halogen^^ salts in solution show a sharp 
absorption band in the near ultraviolet with the indication of another 
band closer to the limit of the quartz spectrograph. My colleague, Dr. W . 
R. Erode, finds that the first band is probably due to absorption by a trace 
of free halogen modified by the presence of the water. The band of 
higher frequency is undoubtedly related to the absorption by the most 
loosely bound electrons in the halogen ion, and to the absorption of the 
gaseous ion.^^ Investigation of the shift of such bands in the salt vapor, 
in aqueous solution and in the salt crystal is of great importance. 

The only serious difficulty in extending the conceptions of spectros- 
copy to the determination of energy levels of the atom in the liquid and 
solid states lies in the astonishingly large variation of the “softest’^ 
absorption limits with the temperature. It is not clear why an absorp- 
tion band or the sensitivity band for photoelectric conductions^ 
shift toward the ultraviolet by an amount corresponding to nearly a 
volt on lowering the temperature to a few degrees absolute. 

In spite of the difficulties enumerated one should recall that the 
development of the modem theory of atomic structure and spectros- 
copy has extended over a period of less than 15 years. The advances 
made in spectroscopy during the past two years have exceeded those in 
all preceding history. Our present knowledge of the solid state corre- 
sponds in many respects to the chaos in spectroscopy in 1912 before the 
introduction of the Bohr hypothesis. Undoubtedly, the next two 
decades will witness just as rapid development in the extension or adapta- 
tion of these ideas to the solid state. With this development will come 
applications of practical value to the metallurgist. 
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Hardness of Copper, and Meyer’s Analysis 

Jiv SaMUKI. L. IfOYT* AND T. K. SCHERMERHORN, j ScHENECTADY, N. Y. 

(New York Meeting, February, 1926) 

The hardness of annealed copper has been given in the literature and is 
easily obtained by any of the standard methods of hardness testing. It 
is not our intention to correct published values or to add to them, but to 
describe tests of two bars of annealed electrolytic copper in which the 
methods of Meyer’s analysis were employed. 

Meyer’s Analysis of Ball Indentation Test 

The ball indentation test is probably the most valuable hardness test 
we now have but, as it is carried out in the Brinell or Rockwell test, the 
result may be seriously in error without the operator suspecting such to 
l)e the case. This condition results from the isolated and uncontrolled 
nature of the measurement. The accurac}" depends on the accuracy of 
the eciuipnient and the care and skill used in the operations; there is 
nothing in the impression diameter, which is all that is measured, to 
indicate the presence of error. Meyer’s anal 3 \sis supplies a control of the 
measurements that goes far toward eliminating unsuspected errors. 

The principles of this work may be obtained from elsewhere.^ As this 
subject has not received the attention of this Institute, it may be well to 
summarize the more important points as follows. 

The chief difference between the usual ball indentation hardness test 
and Meyer’s test is the use of a number of loads, instead of one, covering 
the range from small to large loads. The reason for this may not be 
obvious; the resistance to penetration may, and generally does, vary with 
the penetration of the ball; consequently a single determination can give 
only the resistance at that particular load. At some other load, the 
resistance may be quite different. For example, a test on annealed copper 
at 250 kg. gave a resistance to penetration of 39.5 kg. per sq. mm., while 
a similar test at 3000 kg. gave a resistance of 56.8 kg. per sq. mm. For 
the purpose of finding some figure that might be used to represent the 
hardness of the sample of copper, there is no reason for selecting one of 
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these figures in preference to the other. Both are correct, only one applies 
at low loads and the other at high loads. 

How little one might know of the hardness of a metal from one obser- 
vation is shown by the difference in these figures for annealed copper. 
The reason for this difference is to be found in the work hardening effect 
as the ball penetrates the sample. If all metals behaved alike in this 
respect, the problem of hardness testing would be much simplified, but, 
as Meyer has shown, the resistance of metals varies considerably with the 
load. The annealed metals of the ductile type show the greatest varia- 
tion, while the plastic metals, and metals that have been considerably 
worked, show the least variation. 

Meyer has also shown that the loads and the impression diameters 
bear a fixed relationship to each other. This is true irrespective of 
any variation in the resistance to penetration. This relationship will 
be discussed presently; it gives a control of the hardness determinations 
and supplies a means of checking their accuracy that cannot, from the 
nature of the situation, be secured with a single determination. Conse- 
quently, Meyer’s analysis has the advantages of furnishing additional 
information and supplying an accurate control that do not come with the 
usual methods of carrying out the ball-hardness test. 

The ball used in these tests is usually the standard Brinell ball, 10 mm. 
in diameter. If for some reason it is desired to use a larger or smaller 
ball, it is well to use one that, with the load in question, will have the 
same relationship between the load and the square of the ball diameter 
as is used with the 10 mm. ball. The loads range from 250, 500, to 3000 
kg., and more. The number of loads selected for a given test would 
depend on the accuracy desired. Two determinations are sufficient 
theoretically but the accuracy will be increased by using four or even 
five loads. 

The time of loading in the Brinell test is 30 sec. while no definite time 
is specified for the Rockwell test. Thirty seconds is not sufficient to 
allow the load to establish static equilibrium with the metal; in other 
words, the ball is usually still penetrating the sample at the end of the 
time interval. We have not found that any serious error (z. e. serious 
from the standpoint of the present state of the art of hardness testing) 
is introduced by neglecting the small change in the diameter of the 
impression that comes after the 30 sec. interval. The magnitude of this 
change for annealed copper at a load of 500 kg. is shown in Fig. 1 . The 
data for this curve were obtained with a standard Brinell machine. 
The Brinell hardness number would drop 1.5 points by allowing the 
load to remain on for 1 hr. instead of 30 sec. Guillery has reported a 
variation in the hardness number of soft steel from 159 to 171 and of 
hard steel, from 212.5 to 227, because of neglect of the time factor.^ It 
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may be permissible to neglect this factor, but by so doing we are bound to 
introduce an error. With annealed copper, 0.1 mm. at 500 kg. corre- 
sponds to about 35 kg. 

The principal factors that influence the time of loading factor are the 
rate at which the load is applied, the character of the metal surface, and 
the condition of the surface. Thus Hankins has shown recently that the 
presence or absence of a lubricant on the ball and sample will lead to 
variable results.^ However, the necessity of eliminating the effect of the 
time factor depends on the requirements of the test; in the work described 
here, it has been eliminated and we believe that the results represent true 
equilibrium between the ball and the sample. The time required for this 
varies with the sample and the load, but for copper it is necessary to 
allow the load to act for at least 1 hr., while most of our determinations 
were made with a longer time of loading. 



Fig. 1.— -Effect of time of loading on impression diameter for annealed 
COPPER, USING A 500-KG. LOAD WITH A 10-MM. BALL. 

The procedure thus far in Meyer^s analysis has given a series of load- 
diameter determinations; in the present case, impression diameters at 
the loads 500, 1000, 2000, and 3000 kg. Meyer has shown that the rela- 
tionship between the load and the diameter can be expressed by the 


equation 

P = a(P (1) 

where P is the load, d is the diameter, and a and n are constants. This 
relation is purely empirical, it having no known theoretical basis. It 
may be rewritten 

log P = log a + n X log d (2) 


This being an exponential relationship, we should get a straight line 
by plotting the loads and diameters on log-log paper, and, in case the 
results are not in error, the points always fall on a straight line. It has 
been our practice o do this for all of our determinations; the reasons for 
doing so have been twofold. 

First, an inspection of the formula will show that the constants may 
be obtained graphically, with great ease and accuracy, from the log-log 
plot. The constant a is the load corresponding to an impression diameter 
of 1 mm., while the constant n is the slope of the line. Such a plot is given 
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in Fig. 4. Knowing the two constants is equivalent to knowing the whole 
course of the hardness curve, a curve from which the resistance to pene- 
tration at any load can be calculated. In this way, we can compare the 
hardness of two metals on a known and w^ell-defined basis, or the hardness 
of a given metal in different conditions of heat or mechanical treatment. 
Such a comparison is not possible on the basis of any other ball indenta- 
tion test that expresses the hardness as a single figure. 

Second, it is only if the determinations are not in error that they will 
come on a straight line. If the time of loading has not been sufficiently 
long, for example, to eliminate the time factor, the impression diamet(‘r 



Fig. 2. — Microstructure of Lot 1. X 100. 


will be too small and, when plotted against the corresponding load, the 
point will be off. An error in loading will also give an incorrect diameter. 
Such errors may be readily detected and therefore eliminated by applying 
the methods of Meyer’s analysis; and a check or control of hardness 
testing is obtained that is quite lacking with the ordinary methods. 

We have referred to the variation in the resistance to penetration as 
the ball is forced into the sample. The initial resistance may be assumed 
to be given (perhaps arbitrarily) by the constant a as being the resistance 
at a load that produces very little deformation. The increase in this 
resistance as a result of the deformation during the test is evaluated by 
the constant n. Thus if n is equal to 2.0, the load varies as the square 
of the diameter; or, in other words, as the projected area of the impression. 
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The unit resistance to penetration does not vary in this case, no matter 
liow deep the impression may be carried. If it is greater than 2.0, the 
load increase's more rapidly than the projected area of the impression. 
This signifies that the resistance to penetration increases with the load. 
The constant n is, then, a numerical expression of the hardening effect 
that occurs, or which may occur, in the ball indentation test. These 
two factors a and n vary indiscriminately among the metals and must be 
known before the true hardness relationships of the metals will be under- 
stood. The lack of this knowledge has undoubtedly been responsible for 
much of the confusion and uncertainty that has always surrounded the 
ball tost for hardness. 



Fid, 3. — CoPPKU OXIDE IN Lot 2. X 000. 


Knowing the true manner in which the resistance to penetration 
varies in the ball test, it is natural to expect that the hardness number, 
selected to exi)ress the resistance, should vary accordingly. Meyer 
has shown that the Brinell number does not do so and that it is better 
to use the true mean pressure between the ball and sample. This is 
obtained by dividing the load by the projected area of the impression. 
This gives a number that remains constant when n is 2.0 and increases in 
accordance with the increased resistance to penetration when n is greater 
than 2.0. When we examine the Brinell number we find that even 
though the resistance to penetration remains constant for all loads, the 
Brinell number varies with the load. On the other hand, even though 
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the resistance increases considerably (as with copper) the Brinell iiuiiilx'r 
remains essentially constant over quite a range of loads. Obviously the 
true resistance to penetration, and hence the hardness, is not given by 
the Brinell number because the Brinell number depends partly on the 
geometry of spherical surfaces. This artificial character of the Brinell 
number introduces a variable error in hardness testing. For many pur- 
poses, considering the present state of the art, this error does no harm, 
but we feel it is desirable at least to appreciate the true character of the 
two tests (Brinell and Meyer) and be prepared to utilize the advantages 
of each. 

Kiirth followed the change in the constants a and n on a bar of 
annealed copper as it was stretched in tension up to the breaking point. 



Fig. 4. — ^Log-log plot op most probable values of lots 1 and 2 of annealed 

ELECTROLYTIC COPPER. 

At various points, the bar was removed from the testing machine and a 
series of load-diameter relationships determined, from which the constants 
were obtained. In this way, he found that a increased somewhat as the 
hardness does in cold rolhng and that n decreased from its high initial 
value to 2.0, at the breaking point, which corresponded to a 40 per cent, 
elongation. This is apparently the minimum value to which this con- 
stant can fall, at least with the common or ductile metals. The signifi- 
cance of this fact is, as we interpret it, somewhat as follows: At the outset, 

^ Kiirth, Zeit. Ver. Deut, Ing. (1908) 62, 1560. 
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the annealed copper is potentially capable of being hardened, or strength- 
ened, on being deformed. Consequently the first elongations harden 
the metal, which fact is reflected by the increase in a. Accompanying 
this change is a drop in the hardening ability of the metal, which is 
reflected in the decrease of n. This procedure continues up to the 
breaking point. 

On analyzing this behavior in detail, we can imagine the elongation to 
be divided into unit steps, each step occurring over a small portion of the 
length of the bar. A small deformation of one of these units results in a 
decreased cross-section and consequent increase in unit stress. But such 
a deformation is accompanied by an increase in the resistance to defor- 
mation and, in spite of the increase in the unit stress, deformation is 
automatically transferred to neighboring portions of the bar. These, 
In turn, become deformed and strengthened and they pass the deforma- 
tion on to other sections. Each deformation results in an increased a 
and decreased n until some section of the bar loses its ability to become 
further strengthened by deformation (n= 2). Then the increase in unit 
stress is no longer accompanied by an increase in resistance; necking 
starts and fracture occurs at that point. 

Metals with this characteristic are able to deform considerably before 
rupture occurs and they are classified as ductile, and the constant n 
becomes the numerical expression of the ductility. The deformation is 
general in that it extends over the entire length of the bar. From the 
work of Kiirth, we know that fracture occurs as soon as n drops to 2.0, 
which is in good agreement with the loss in hardening power at this point. 

After having set up this picture of the elongation of the ductile metal, 
we decided to test it out as follows. If a metal with a high initial n value 
deforms generally, i. e., with a considerable decrease in the average or 
general diameter, then a metal that has been cold worked and had its n 
value reduced to about 2.0 should break with correspondingly less general 
deformation. Our test of the point was to be the general reduction in 
diameter; this was chosen in preference to the elongation to avoid the 
error due to the deformation at the necked portion. For the test we 
selected two samples of copper wire, one in the annealed condition and 
one after cold drawing to give a 19 per cent, reduction. The former 
was 0.030 in. in diameter and the latter (a section of the former wire that 
had been drawn) was 0.027 in. in diameter. Both wires were broken in 
tension and their average, or general, diameters again measured. The 
annealed wire was found to be 0.0264 in. and the cold-drawn wire 0.0267 
in. in diameter. The latter wire had almost lost its ability to elongate 
and its ductility would be said to be low. It is interesting to note that 
wire drawing should have little effect on the reduction in area in the tensile 
test for the metal is always in the same condition at the point of fracture 
(n = 2,0) whether the wire initially were annealed or cold drawn, 
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A verification of our own work is given by the published data covering 
the variation of the per cent, elongation in the tensile test during wire 
drawing. The fall is very rapid with the first reductions and agrees well 
with the change in n over this range. This is one of the most striking 
changes produced by wire drawing but is readily to be accounted for by 
the reasoning suggested by a study of Meyer's constants. On the other 
hand, this drop in ductility has no effect on the plasticity or its ability to 
flow under pressure. The metal simply is not hardened materially by 
such deformation. 

After considering the results of the investigation reported we shall 
give another appUcation of Meyer’s anal^^sis, b}’^ which results on the 
effect of cold rolling on the hardness of a metal, such as those of Kawdon 
and Mutchler, can be verified and be placed on a sound basis. 


Hardness of Annealed Copper 

Having indicated the line of attack employed in this study, we may 
turn to the data obtained. Our results agree well with Norbiiry’s^ and 
the results of both series agree well with the early work of Meyer and 
Kurth. That is, while copper is a soft metal with an a value of between 
15 and 22, it hardens considerably on being deformed, with an n value of 
around 2.4 Our work differs from that of Norbury in that he used a 30 
sec. loading, while we used not less than 1 hr., or sufficient time to give 
static equilibrium. Norbury has shown that the time of loading may 
have a marked effect on the constant and we wished to eliminate this 
effect entirely. 

Norbury paid particular attention to the effect of annealing on the 
constants a and n and found that a certain hardness figure— log a + n — 
remained constant for the different annealing treatments. If this figure 
is examined, it will be seen that it is equal to log P when log d is unity. I n 
other words, his figure remains constant for all annealing treatments 
when the determination is made at an impression diameter of 10 mm., 
or the load required to produce an impression of 10 mm. remains constant. 

While the figure mentioned remains constant in Norbury ’s investiga- 
tion, such a figure does not remain constant in the early work of Meyer 
and Kiirth nor in our own work. This shows that it does not remain 
constant under all conditions. On the other hand there seems to be 
good reason for believing that there is some impression diameter, real or 
fictitious, at which the hardness remains constant, or nearly so, for dif- 
ferent conditions of heat and mechanical treatment. This hardness 
would be the hardness that a metal approaches as a limit when work 
hardened, or its ultimate hardness. It is the hardness at the opposite 

® Norbury: Jnl. Inst. Met. (1923) No. 1, 407. 

® Norbury: Tram. Faraday 8oc. (1923) 19 , Pt. 1. 
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end of the hardness curve from the hardness at a, when the constant a 
is determined for the dead soft annealed metal. This is but another 
reflection of the varial)ility of the hardness of metals and indicates the 
necessity of measuring the property under known and well 
defined conditions. 


Copper Used 

As material for this study, we selected two bars of hot-rolled electro- 
lytic copper, one from each of two sources. Supposedly, these repre- 
sented the standard electrolytic copper on the market in this country of 
the grade used in the electrical industry. They are designated here as 1 
and 2. The results of the spectrographic analysis are given in Table 1. 


Ta}3LE 1. — Spectrographic Analysis of Lots 1 and 2 


Klornorit 

Lot 1 

Lot 2 

Nickel. 

Nil 

Nil 

Aluminum. 

Trace 

Trace 

Manganese 

Nil 

Nil 

Silicon 

Faint trace 

Faint trace 

Iron . . 

Present 

Present 

Tin i 

Trace 

Nil 

Calcium j 

Trace 

Trace 

Leads 

Nil j 

Nil 

Silver 

Nil 

Nil 


The results of the ordinary chemical analysis are given in Table 2. 


Table 2 . — Chemical Analysis of Lots 1 a7id 2 


1C lenient 

Lot 1 

Lot 2 

Fe 

0 0018% 

0 0025% 

Ag 

Nil 

Nil 

Vh 

Nil 

Nil 

As. 

Traces 

Traces 

P. 

Traces 

Traces 

CU 2 O 

0.138% 

0.216% 

CuS.. 

0 007% 

0.01% 


One-half of each bar was annealed at the metallurgical laboratory 
of the Testing Laboratory and the other half at the wire plant, along with 
other commercial work. The annealing temperature was 600°C., 
while the bars required hr. to come up to temperature and were held 
at temperature for 1^4 hr. After this, the bars were quenched in water. 
A water-sealed and electrically heated Kenworthy furnace was used in 
this work. The two lots were examined under the microscope, as a 
matter of routine. They were found to be normal, except that Lot 2 




666 


HARDNESS OF COPPER, AND MEYER^S ANALYSIS 


seemed to have considerable copper oxide. The chemical analysis shows 
that there is not enough present to hurt the copper. Fig. 2 shows the 
structure of Lot 1, and may be taken as representative of Lot 2 as well, 
which is not reproduced here, as the grain size was about the same as shown. 
Fig. 3 represents the unetched micro-section of Lot 2, polished to bring 
out the oxide. Lot 1 showed less oxide than is represented in Fig. 3. 

Hardness Measurements 

Instead of the usual Brinell machine, we used a 10-ton Olsen testing 
machine for applying the loads; with this it is a simple matter to apply 
and maintain constant for any length of time any load up to 9000 kg. 
A special holder, designed by T. S. Fuller of this laboratory, was used to 
hold the ball and sample. The balls were of the kind generally used in 
ball testing, of 10 mm. diameter. The impression diameters were 
measured with a comparator and are believed to be accurate to 0.01 mm. 
Impressions were made at four places, about IJ.^ in. apart, and at the 
loads 500, 1000, 2000, and 3000 kg. The data obtained are given in 
Table 3. 

In each case the load-diameter values were plotted on log-log paper 
and found to satisfy the straight-line requirement with reasonable 
accuracy. From these lines, the constants a and n were determined 
graphically. In all respects, the two lots of copper differed in hardness 
values and, as will be shown later, these differences were not due to 
variations in the experimental procedure. No consistent differences were 
found that could be ascribed to a difference in the annealing treatment 
used. The variations shown in Table 3 must, then, be due to variations 
in the resistance to penetration at the various points selected for the 
impressions and to the experimental error of the observations. In this 
state, the data do not give a precise evaluation of the difference in hard- 
ness between the two lots. 

Most Probable Values 

The impression diameters agree among themselves fairly well, so 
that an average diameter should be very close to the true diameter in 
any case. Even so, there are a few exceptional values that seem to fall 
outside of the experimental error and, even though they are not in them- 
selves in error, they should be ehminated from a figure that is to repre- 
sent the particular lot of copper. Consequently we have plotted the 
values on probability paper; because of the general consistency of the 
data, the points fell on a straight line with a small slope. 

On first plotting the impression diameters on the probability paper, 
both lots of copper were combined. These points gave two lines, instead 
of one, with a vertical break at the 50 per cent, point. All the measure- 
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Table 3. — Impression Diameters of Annealed Copper 


Impression *500 Kg. j *1000 Kg. 1600 Kg. 2000 Kg. , 3000 Kg 


Lot 1, Annealed by Factory 


A 

3.73 

4.95 


6 65 

7.84 

21 0 

2 39 

B 

3.74 

4 99 

1 

6.60 

7 93 

20 7 

2 37 

C 

(3 70) 

5 00 

1 5.91 

6.62 

7 95 

21 8 

2 39 

D 

3.76 

(5 01) 

1 

6.66 

7.91 

21 0 

2 40 

Av. 

3.74 

4 99 

1 

6 63 

7 91 

21 1 

2 39 


Lot 1, Annealed at Testing Laboratory 



A 

3 83 

4 98 


6 59 

7 96 

20 5 

2 41 

B 

(3 70) 

4 95 

5 92 

6 67 

7 94 

22 0 

2 36 

c; 

3 71 

4 97 


6 65 

I 7 81 

21 8 

2 37 

D 

3 65 

4 96 


6 62 

7.93 

21.4 

2 38 

Av. 

3 72 

4 96 


6 64 

7.91 

21 4 

2 38 

M. P. 

3 72 

4 975 


6 63 

7 93 

21.2 

2 38 


Lot 2, Annealed by Factory 


A ! 

3 95 

5 24 


7 02 

8 22 

17 5 

2.45 

b 

3 95 

5 25 


6 95 

8 18 

16 5 

2.47 

(; 

(3 95) 

t(5 24) 

6 19 

6 96 

8 20 

16 5 

2.46 

D 

3 98 

5.20 


6.92 

8.05 

15 9 

2.48 

Av. 

3 96 

5 23 


6 96 

8 16 

16 6 

2.46 


Lot 2, Annealed at Testing Laboratory 


A 

3 92 

5 21 


6 97 

8 23 

17.3 

2.44 

B 

3 93 

5 16 


6 93 

8 20 

17.5 

2.43 

C 

(3 96) 

5 27 

6 18 

6 95 

8 22 

16.5 

2 45 

D 

3 97 

5.18 


6 93 

8 13 

15 0 

2.52 

Av. 

3 94 

5 20 


6 94 

8 19 

16 6 

2 46 

M. P. 

3 95 

5 21 


6 95 

8 20 

16 7 

2.46 


* The numbers in parentheses were obtained from the log-log plot. The impres- 
sion diameters are all in millimeters. Av., these are average values for each bar. 
M. P., these are the most probable values for each lot. 
t The load was 1090 kg., impression was 5.45 mm. 


merits from one lot were below 50 per cent, and the others above 50 per 
cent. This showed that the two lots would have to be considered sepa- 
rately. It seems probable, however, that the use of a large number of lots 
would give values around some most probable value and that by following 
up this line of attack, one would be able to arrive at the true effects of the 
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coininon constituents of copper and the annealing treatments to vvhicli 
they are subjected. This should give better values than those obtaiiKnl 
from a comparatively few observations on graded series in which the 
constituent in question is allowed to vary over the range being studied. 
In the present case, there is no necessity of separating the two bars of one 
lot and the values given may be taken as closely representative of these 
two materials. 

The most probable values of the impression diameters for the loads 
used are plotted on log-log paper in Fig. 4. These two curves may Ix' 
taken as typical of such plots and they show that Meyer’s relationship 
between the load and the impression diameter holds over this rang(\ 
We have carried the loads much higher, even up to 9000 kg., and found 
the relationship to hold up to approximately the load required to impn'ss 
the ball up to its full diameter. The lower limit to which this relation- 
ship holds is not known with precision. 

Summary of Hardness Data 

The hardness of these two lots has also been determined by the Brinell 
hardness testing machine (using one of the hydraulic type) the Kockwell 
hardness tester, and the scleroscope. These results are given in Table 1. 
The Brinell hardness number, as usually determined, represents one iso- 
lated determination. If a number of checks are made, an error is intro- 
duced as the result of variations in the hardness from place to place on 
the bar. In the work described here, we are able to arrive at a better 
figure for the Brinell hardness by using the impression diameter at 500 
kg. on the log-log lot. This value depends not alone on the single deter- 
mination at 500 kg. but on the other determinations with which it must b(‘ 
consistent. The Brinell numbers obtained by using the impression 
diameters from the plots in Fig. 4 are included in the table. These 
figures indicate that the copper of Lot 1 is harder than the copper of Lot 2. 
An inspection of the log-log plots shows that at some higher load, the 
impression diameters of the two lots will be equal, i. e., at the point of 
intersection. In this case, the intersection comes at a purely fictitious 
load for the load would lie above that required to cause the ball to pene- 
trate to its full diameter. However, we are inclined to believe that even 
such a fictitious intersection has a certain significance for it shows that 
one metal hardens at a more rapid rate than the other. In the Brinell 
test, the deformations may not be severe enough to cause the initially 
softer metal to overtake the harder metal, but as long as that is its tend- 
ency, some other mode of deformation may indicate that the supposedly 
softer metal is actually harder, or else that the two metals are equally 
hard. These points may well be borne in mind when considering th(' 
results of the common hardness tests. 
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Table 4. — Hardness of Annealed Copper 


Lot 

tt 


Brinell Hardness Number 

Selero.seope 

Roekwell 

Hardness 

Number 


1 1 

2 

Number 

1 

21 I 

2 39 

44 4 

43 6-44 9 

8 

27 

2 

18 

2 42 

39 1 

40.2-42.4 

7 

25 


Note. — The Bririell liardness number was determined with a 500-kg. load and a 
]()-mm. ball. The figures in 1 correspond to the most probable values for an indefinite 
time of loading, and those in 2 were obtained with a Brinell machine with a 30 sec. 
loading. The scleros(‘opo number was olitained with the universal hammer. The 
Roc^kwell numbers were obtained with the 3^-in. ball and 100-kg. load, on the B 
scale. The jiointer was allowed to come to apparent rest before the load was released. 

The a and n values of this table give the same information as has just 
been considered. The hardness curve of Lot 1 starts off at a higher point 
than that of Lot 2, as is shown by the greater a value. However, its slope 
is less, so that the two curves will intersect. A comparison of these two 
metals as to hardness will depend on the load used to measure the prop- 
(u*ty. If the n values were the same, the comparison would be inde- 
pench'iit of the load and the readings at 500 kg. would be strictly accurate. 

Meyer’s Analysis and Cold-rolled Copper 

Hawdon and Mutchler recently reported on the variation in hardness 
due to cold rolling.'^ They stated that the hardness was shown to 
d(‘crease as soon as the reduction was carried above about 50 per cent. 
The methods of Meyer’s analysis offer a control of determinations of this 
kind that seem to be capable of differentiating between true and false 
conclusions regarding the hardness of the samples drawn from the data 
obtained from the tests. 

Klirth has showiC that the constant drops from above 2.4 to 2.0 in 
t he tensile test. AA e have shown that n remains constant at 2.0 if the 
deformations are carried above that reported by Kiirth, of 40 per cent, 
elongation. There is no evidence of which we are aware to indicate 
that 71 does not remain constant over the higher reductions. In other 
words, we are dealing with a constant n over those reductions that are 
supposed to produce softening. Such being the case, a softening would 
have to be caused by a decrease in a. This suggests the desirability of 
determining this constant, for it is the only known factor that could be 
responsible for such a softening, as long as n remains constant. From 
the theoretical mathematical point of view, a decrease in n below 2.0 
would lead to the same results when the hardness determinations are 
made at impression diameters greater than that which corresponds to a. 


^ Rawdon and Mutchler: Trans. (1924) 70 , 342. 
8 Kiirth: Zeit. Ver. Dent. Ing. (1908) 62, 1560. 
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But we have no evidence that such occurs and an assumption that it 
does would be extremely improbable. 

A typical example of a treatment that lowers the a of cold-worked 
metals is the annealing used to soften the metal. The constant a falls 
from around 80 to around 20. The n value rises from 2.0 to that of 
annealed copper, so that the softening is due to the decrease of a. Had 
Rawdon and Mutchler determined these constants and found them to 
vary as just suggested, the effect would be at once accounted for as the 
result of an annealing effect that had unknowingly occurred during the 
operations. 

Another check that could be used would come from plotting a series 
of load-diameter determinations on log-log paper. If the conditions 
of the test were such that accurate and reliable readings could not be 
obtained, an indication of such a condition would probably appear. We 
are referring particularly to the circumstance that the sample being tested 
may be too thin. While we have not thoroughly tested the point, for it 
has not arisen seriously in our own work, the following may throw some 
light on to the question. 

In one test we used a strip of cold-rolled copper 0.099 in. thick. This 
was selected because previous tests had indicated that a sample of this 
thickness would be too thin for reliable readings, and we wished to bring 
out the effect of the thickness of the sample clearly. As usual, a series of 
impression diameters with a 10-mm. ball was determined for a number of 
loads and the results plotted on log-log paper. The points held fairly 
well to a straight line up to 3000 kg. although the impressions came 
through to the underside. Higher loads came off the line and the test 
was palpably improper. The a value was slightly low at 75, but gave no 
strong indication that the readings were in error. The n value was 1.935, 
or well below the constant value of 2.0 which had been obtained for cold- 
rolled copper. This could be due only to excessively large diameters at 
the higher loads, for the line started at the proper point. The diameters 
being too large, the hardness numbers determined from them must be too 
small. We assume this to be the so-called anvil effect.” 

The same point was also tested with the Rockwell tester with thin 
strips, when the same behavior was observed. The ball, on being loaded, 
forces the metal to flow up around itself and the strip actually comes up 
off the support. The impression diameter is too large and, as a basis of a 
hardness test, has a purely illusory value. The beginning of this anvil 
effect is evidenced by a small drop in the hardness number and, on samples 
that are only slightly too thin for reliable tests, may be difficult to detect. 
One determination seems to be quite unreliable for use in discriminating 
between a true and a false hardness number, in fact the hardness at real 
low loads may not be in error. It was only by determining the whole 
course of the hardness curve that a positive clue was found and that came 
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from an n value known to be in error. From our own work we believe 
that the anvil effect is responsible for an apparent softening of cold-rolled 
strips^ and that the point at which it makes its appearance will depend 
on the thickness of the strip, the ball diameter, and the load used in 
the hardness test. 

The conclusion to be drawn so far is that such a softening as was 
reported by Rawdon and Mutchler has been neither proved nor disproved. 
The evidence they present fails to show that such an effect is probable 
but, by the same token, the evidence of other workers (including our own) 
also fails to prove that such an effect is impossible. We believe, however, 
that the preponderance of the evidence points to some condition during 
rolling or in the procedure used to test the hardness of the strips, as being 
responsible for the abnormal values. The manner in which the methods 
of Meyer’s analysis may be utilized to indicate the source of the trouble or 
else to place the results on an uncontrovertible basis have been given. 


DISCUSSION 

(\ S. WiTHERELL, New York, N. Y. (written discussion). — Referring 
to the equation P — ad"" that the authors quote from Meyer^s work: 
While it is true, as the authors state, that this relationship is purely empir- 
ical nevertheless even an empirical equation should be rational in certain 
respects. Many engineers who have developed empirical equations for 
approximately showing physical relationships have failed to investigate 
the applicability of their equations over extended ranges. 

Let us call p the bearing strength of the metal expressed in kg. per 
circular mm. of horizontal area of dent; then can be derived from Meyer’s 
P 

equation p = ^2 ~ It can be seen that this latter equation would 

give the initial bearing strength {i. c., when P is infinitesimal) a value of 
zero, and in the other direction an ultimate value of infinity, when n is 
greater than 2. 

It is quite obvious that whatever the load may be there must be a 
surface to support it and also the ratio of the area of the supporting 
surface to the load must be a definite value. 

Imagine the load to be gradually applied, the authors have already 
pointed out that the bearing strength increases due to the hardening 
effect of the penetrating ball, hence the initial bearing strength must be 
that of the metal before such hardening took place. Irrespective of the 
shape and size of the loading surface the bearing strength can not exceed 
that of fully hardened metal. It is therefore evident that the graph show- 
ing the true relationship between applied load (abscissas) and bearing 
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strength (ordinates) is a curve that approaches a horizontal asymptote 
whose ordinate is the bearing strength of the fully hardened metal. 

Of several plausible asymptotic curves the hyperbola is the simplest 
and lends itself to easy computation. The hyperbolic equation fitting 

C 

our case may be written P = “ p ^ wherein M = the ordinate of 

the asymptote (which is horizontal), C and A are equational constants. 
This equation is also purely empirical and its acceptance would naturally 
depend upon how closely it gives values approximating the truth over an 
extended range. It is to be noted that the hyperbola expressed by the 
equation can be passed through three given points. 

It can be derived from the before-mentioned hyperbolic ecpiation that 

C 

the initial bearing strength po = M — 

Referring to the accompanying graph (Fig. 5) the solid-line curve is 

C 

that of equation P = — p ^ ^ passed through the three given points 



Load kilograms 

Fig. 5. — Guaph showing relation between applied load and bearinm^ 

STRENGTH OF METAL (EXPRESSED IN KG. PER CIRCULAR MM. OF HORIZONTAL ARE V OF 

dent). 


p', p", p'". The dotted branches are of the curve p = passed 

through any two of the given points and assuming that the third point 
fits, po is the initial value of p. The horizontal broken line is 
the asymptote. 

The slope of the tangent at po is a measure of the initial rate of harden- 

s c 

ing. It can be determined by the equation Ho = ^p = (at P = 0). 

By using the values given by the authors in their Table 3 the 

values given in the following table were computed : 
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r 

l> ~ for I* ^ .'“)()() 

Lor 1 

I.OT 2 

i:n 

32 01(> 

V = [I'iy f<^^‘ B = 1000 

. 40 403 

36 840 

p = forF = 2000. 

... .45 499 

41 406 

Asymptotic ordinate M . 

. . 59 345 

49.916 

Kquational con.stant C . . 

51463 

24371. 

Equational constant A. . 

1716 9 

863 8 

Initial bearing strength po 

29.371 

21 702 

Initial rate of hardening Ih 

. 0 0175 

0 0327 


It is assumed that the information desired is the hardness of the metal 
before additional deformation takes place and apparently the po value 
fjjiven by the hyperbolic equation is a fairly close approximation thereto. 
I tried other plausible asymptotic equations and found the po value to 
seldom vary more than 1.5. The M value is not so dependable as a meas- 
ure of the ultimate hardness although it may be of relative significance in 
comparing similarly prepared specimens. Naturally the way to deter- 
mine the ultimate hardness is to specially harden a specimen for that 
purpose. Of greater significance is the value II o. 

Referring to the authors^ Fig. 3, microphotograph showing the copper 
oxide in Lot 2, on account of the excessive amount of oxide shown I would 
})rophesy that Lot 2 would need more frequent annealing than Lot 1 for 
its proper working. The calculated initial rate of hardening Ho is nearly 
twice as much for Lot 2 as for Lot 1 which I interpret indicates the same 
thing. 

If an asymptotic assumption be used for calculation the initial 
hardness and the initial rate of hardening then the three loads P', P", P'", 
should Ije chosen so as to give minimum errors as follows: P' should be as 
low as possible consistent with producing a dent that can be accurately 
measured (say 1 to 2 mm. diameter). P'" should be as large as possible 
without giving a dent whose diameter is more than 0.7 X diameter of ball; 
a greater dent-diameter would introduce excessive wedging effect on the 
steep surface of the ball. P" should be chosen say or way from P' 
to P'". 

By choosing three points on the authors' log-log plot of P = e. g. 
P — 500, 1000 and 2000, and determining the corresponding 71/, C and A 


values, then superimposing a log-log plot of d = 


rived from 


P 

d2 


= 71/ 


C > 
P + A, 


upon the authors' plot there will be found 


a very close match of the curves between the points P = 200 and P = 
3000; outside of those points the two curves perceptibly diverge, the lower 
branch of the new curve bends to the left and the upper to the right, the 
slope of both branches gradually approach 2. 


VOL. LXXIIl.— 43. 
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The authors have shown that the log-log plot is an excellent means of 
determining the dependability of the results obtained with the commonly 
used loads, but their equation fails to give the hardness of the 
unaltered metal. 

I would like to ask the authors why the ball is generally used 
in preference to the conical point. I can understand why the 90° point 
recommended by Ludwik is not satisfactory due to the point being easily 
upset or shattered and also due to the excessive lateral flow of the metal 
under test produced by the wedge-effect of the entering point. What I 
have in mind is a very obtuse point, say 150°, which would obviate these 
diflSculties and even permit making the loading-point of some extremely 
hard material such as fused corundum (synthetic ruby or sapphire). The 
fact that the dent produced by a conical point remains constantly of the 
same geometric shape and that the ratio between the average-depth of 
indentation and dent-diameter remains constant commends it over the 
spherical surface. 

S. L. Hoyt and T. R. Schermerhorn (written reply to discussion). — 
The main part of Mr. WitherelPs discussion relates to the utilization of 
mathematical analysis to secure information from experimental data. At 
the outset, it is suggested that we have failed to extend our own analytical 
work over sufficiently extended ranges and that we have therefore failed 
to secure all of the information which is contained in our data. While we 
agree most heartily with the general position of Mr. Witherell as to the 
use of mathematics for these purposes, we can not concur in his treatment 
of the data submitted in the paper. 

First of all, the exponential relation of Meyer has been found to fit the 
experimental data with great exactness over the range of loads correspond- 
ing to impression diameters of 1 mm. and 10 mm. for a lO-rnm. ball. If 
any other relation or equation is proposed for use, the first requirement 
which it must meet is that it fit the data with equal accuracy. This point 
seems to be quite completely neglected in Mr. WithereH’s treatment. 

To treat this in more detail, let us first take the lower portion of his 
plot in which the exponential and hyperbolic relationships are both plot- 
ted. The former is known to hold down to a load of about 20 kg. or an 
impression of 1 mm. This would be to the load of 20 kg. per circular mm. 
on the plot. From this it is at once obvious that the hyperbolic relation 
does not hold here and therefore that the initial bearing strength po of 
Mr. Witherell is seriously in error. P'or example, from the hyperbolic 
plot the impression at a load of 20 kg. per circular mm. would be 
vanishingly small, but it is actually about 1 mm. 

To turn now to the course of the relation at higher loads, we would 
point out that the relation P = ad^ holds up to an impression diameter of 
10 mm. which comes at a load of about 5000 kg. The divergence of the 
hyperbola from the exponential curve shows that Mr. Withereirs rela- 
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tion does not hold at these high loads. The extension of any relationship 
above the point at which the ball sinks to its full diameter, gives purely 
fictitious values. A discussion of this point, as well as the bearing strength 
of cold rolled copper, is given in our current Institute of Metals paper and 
we would refer those interested to that place to avoid repetition. 

Mr. Witherell and others have raised the point of measuring the 
hardness of the unaltered metal. We feel that that is a rather paradoxical 
question, or that the use of the test for such a purpose violates the funda- 
mental principle of the ball hardness indentation test which is designed to 
measure what may be termed the plastic’^ hardness of metals. If one 
wishes to measure the elastic'’ hardness, the logical method is the class- 
ical test of Auerbach. This would avoid the questionable procedure of 
extrapolating beyond the limits of the experimental data. 

A reply to the suggestion of using a cone instead of a ball for 
an indenter has been given in the oral reply. As to the wedging effect in 
impressions above 0.7 of the ball diameter, we would point out that our 
procedure of allowing the load to remain on until static equilibrium is 
reached eliminates it and that we get correct impression diameters up to 
about 10 mm. with a lO-rnm. ball. 

W’hile we are unable to concur in Mr. WitherelFs proposed treatment 
of our data, and for the reasons stated above, we feel that the effort to 
extract full information from experimental data by the methods of 
mathematical analysis is always to be attempted. 

S. L. Hoyt (in reply to C. S. Witherell's question re conical point). — 
The main consideration here is that the ball is actually used in hardness 
testing. Consecpiently, it is very interesting to investigate the conditions 
during ball hardness testing. If the cone test were as universally 
emplo 3 ^ed as the ball test, undoubtedly more attention would be paid to it. 
But there is another consideration, which is that the resistance to penetra- 
tion in the case of the cone remains constant for different loads; it does not 
depend upon the depth of penetration. 

It is well known that annealed copper hardens on being deformed; 
in other words, a test should be so devised as to bring out this work hard- 
ening, and if the cone test fails to reveal it, that simply indicates that the 
cone test automatically eliminates one of the constants or one of the vari- 
ables from the test. On that account the ball test is capable of bringing 
out more information regarding the resistance to penetration of annealed 
copper than the cone test. Therefore, for both practical and theoretical 
reasons, it is well to investigate the ball test in preference to the cone test. 

C. S. Witherell. — Do you think that would be true if the cone were 
blunt, say, 150° angle? 

S. L. Hoyt. — Meyer tested that point out very carefully, as you will 
see in his original paper in 1908. In that work, as I remember it, he used 
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cones of different angles, and the striking feature of that particular part 
of his investigation was that the resistance remains constant in spite of the 
increased deformation produced. 

C. R. Hayward, Cambridge, Mass. — It is well known that one of the 
criticisms of the Brinell hardness test is that the material gradually grows 
harder as the ball penetrates the specimen, and there has been considerable 
interest in developing a method which would overcome that objection. 
There are many who believe that the Rockwell machine is greatly superior 
to the Brinell machine on that account. 

It seems to me that Mr. Withereirs point anent the authors’ formula 
is very well taken, that the assumption of no resistance at the start is 
purely an assumption, and that if we are developing a mathematical form- 
ula we certainly should take cognizance of the extreme ends of the curve. 
For practical work, no doubt the method proposed by the iiuthors is 
wholly satisfactory for anything within the accuracy of ordinary testing. 

W. H. Bassett, Waterbury, Conn. — The Brinell method of hardness 
testing is very important, and this method of checking up the accuracy 
of the hardness tests is undoubtedly of value. 

C. H. Davis, Waterbury, (onn.— Probably all who have made tests 
with the Rockwell and Brinell machines have noted that an error, due to 
the length of time in testing, is liable to creep in because of the fact that 
in most laboratories there is considerable vibration. That is particularly 
noticeable with the Rockwell machine, where the load is applied and 
remains suspended on the lever after the approximate hardness is rc'ached. 
If the sample has a hardness of approximately 90, the dial pointer comes 
to rest very quickly and thereafter moves slightly. With soft metal 
like copper, the dial makes perhaps 13 2 revolutions, and comes to rest 
slowly, and the longer the load is left on, the farther the pointer goes on 
the dial, indicating continued depression. If you tap the bench with the 
finger, the dial continues to move, showing increased loading, not in actual 
weights, but due to vibration either of the building or of working parts in 
the building. In laboratory practice it is well to mount the machine iqKm 
a rubber cushion. It would seem inadvisable to stop the test at an early 
point; that is, within a few seconds after the load has been applied. 

An A. S. T. M. paper published in 1917» showed that there was 
no increase in the Brinell hardness of soft brass after even 5 min. loading. 

S. L. Hoyt. — Our work was done on an Olson testing machine, using a 
special holder for the specimen and ball. As far as we were able to detect, 
this vibration effect, which is so pronounced with the Rockwell machine, 
was quite absent. The load was allowed to remain on for more than 1 hr. ; 
as a matter of fact, we freciuently left the load on for () to 8 hr., or evcm 
more, sometimes overnight, with the idea of getting true static eciuilib- 
rium between the load on the ball and on the sample. We feel that there is 

•Testing of Sheet Brass (1917) XVII. Part II. 
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no (‘rror duo to vi])ration or other sources there, such as tlie condition of 
the surfae(‘, and so on. 

W(i also found, with th(‘ Rockwell machiiK', that vibrations do play an 
appreciable role. If you tap your finger on it, the pointer moves around, 
and the checks which we were able to get with the Rockwell machine were 
very, very poor, as compared with the checks that we were able to get 
with the Olson machine, using the 10-mm. ball on the larger-size samples. 
So that for a method of testing or investigatin the property of hardness, it 
is our opinion that a machine of the Olson type should be used, and that 
the Rockwell machine or the ordinary Brinell machine would be quite 
incapable of giving you the results which you want. 

(\ II. Davis.- Does not the part that the specimen rests upon have a 
great deal to do with it? 

S. L. I loYT. Yes, I think so. In our work, the sample rested on steel. 

(\ S. WiTiiKUKLL.— In the Olson testing machine you have a very 
heavy bas(* which probably absorbs the vibration before it can be trans- 
mitted to the surface of the ball, a thing which you do not have in the 
Rockw(‘ll machine. 

S. L. IIoYT. - ^^'e are also pre.senting a paper before the British 
Institute of Metals on “The Hardness of Cold Rolled Copper,'' which 
carries this idea over into that field. In that paper we report on the vari- 
ation in the hardness over tlie cross-section of a rolled bar of copper, using 
tlu* Rockwell machine. The Rockwell hardness number, we will say, 
avi'iaged about 88, for the conditions used, and if we were able to get 
ch(H*ks within plus or minus 5 points with the Rockwell, we considered we 
were predty w(*ll off. In other words, there was considerable variation in 
the results. 

Speaking now of the impression diameter, we would not be satisfied 
with results that vary more tlian 0.02 or 0.03 mm. That is, the accuracy 
which you are able to obtain with the methods discussed here is of a differ- 
ent order of magnitude as compared with the accuracy obtained with the 
Brinell or Rockwell. 

1 believe that Meyer’s method of analysis is not applicable to ordinary 
hardness testing and we do not use it. But in the case of the work which 
Rawdon and Mutchler reported here 2 years ago, in which the effect of 
rolling upon the hardness was discussed, I believe the methods of Meyer's 
analysis are indispensible. The ordinary hardness test seems to be quite 
incapable of giving a satisfactory answer to the question involved, and 
the use of the Meyer's analysis in that case would either place the results 
of Rawdon and Mutchler on an uncontrovertible basis or else would indi- 
cate the source of the error which may be involved in their work. The 
method of Meyer's analysis I think gives us a tool which is far superior to 
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the ordinary methods of hardness testing in case the property itself is 
under investigation. 

Meyer^s relation is a purely empirical relation;’ it has no theoretical 
basis. It is stated in our paper as an exponential relation. It could be 
stated as any other mathematical relation which would fit the experi- 
mental data. The application of this equation does not go much below I 
mm. in diameter (it was carried down to some 0.9 mm.). What may 
happen below 1 mm., I do not believe has ever been brought out. 

As for the upper portion of the curve, we can say, on the basis of our 
own work, that it holds for annealed copper up to practically 10 mm. in 
diameter, also on annealed steel, and we presume on other material. It 
holds up a load which is suflScient to impress the ball up to its full diam- 
eter. Any loads above that have a purely fictitious meaning. I am 
not clear in my own mind how much value a mathematical analysis would 
have in case the loads are carried above that point. 
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The Effect of Lead and Tin with Oxygen on the Conductivity 
and Ductility of Copper 

By Norman B. Billing,* Bayonne, N. J., and George P. Halliwell,! East 

Pittsburgh, Pa. 

(Now York Meeting, February, 1926) 

The efTeets of lead and tin up to niaximum contents of about 0.1 per cent, each, 
in the presence of oxyi^en between 0.04 and 0.30 per cent., have been studied. Tin is 
retained efficiently in the oxidized condition, whereas lead is not. An approximate 
relation between the lead-oxygen and tin-oxygen contents is deduced which, if 
obseiwed, permits the presence of these elements without detrimental effect. Excess 
of lead beyond this limit affects ductility and rolling properties adversely and an 
excess of tin corre.spondingly diminishes the conductivity. It is shown that copper 
carrying a combined lead and tin content of several hundredths per cent., yet fully 
equal in quality to electrolytic wirebar, may be produced under commercial conditions. 

Tin is not normally found in more than bare traces in current grades 
of American electrolytic copper, and lead is rarely found to more than a 
few thousandths per cent. In the electrolytic refining of copper these 
metals do not present great difficulty^ in separation and their presence in 
any considerable amount in copper that has been refined by this method 
need not be tolerated. On the other hand, the effect of these elements is 
not entirely academic, as a considerable tonnage of scrap copper liberally 
contaminated with them has been reclaimed by the fire-refining process 
into metal with a residual lead and tin content of several hundredths per 
cent., yet having excellent working properties and fully equal in quality 
to current grades of electroly tic wirebar. Such copper has been found 
entirely suitable for use in the manufacture of electrical apparatus. 

In the absence of oxy^gen, tin is known to depress the conductivity 
rapidly, and lead to impair ductility and the rolling properties, yet the 
effects of these metals on commercial grades of copper — i. c., copper 
containing from 0.03 to 0.10 per cent, of oxygen — apparently has not 
received systematic attention. Occasional reference is made to the fact 
that in the presence of oxygen lead may be tolerated, yet Addicks says,^ 
in regard to overpoling: ^‘The unstable condition can be controlled by 
adding certain substances, notably lead, in small quantities, but as mere 


* The International Nickel Co. 
t Research Dept., Westinghouse Elec. & Mfg. Co. 

1 L. Addicks: ** Copper Refining,” 132. McGraw-Hill Book Co., Inc., New York. 
1921. 
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traces of lead make copper brittle the cure is worse than the disease/^ 
An adequate guide to the scattered and fragmentary literature of the 
subject is given in Circular 73 (p. 53) of the Bureau of Standards (1922). 

It is the purpose of this paper to present some experimental results 
obtained at the Westinghouse Elec. & Mfg. Co., showing the effects 
following the introduction of these elements into copper at several differ- 
ent levels of oxygen content. Although realizing fully the vjilue of a 
closely controlled and rigorous experimental technique, such as is being 
followed at the present time in England at the National Physical La])ora- 
tory on a fundamental study of the effects of various elements on coppei*, 
it has been felt that perhaps a more direct approach approximating com- 
mercial conditions would have results of some value. It was found 
convenient to approach the problem in two steps : 

1. A scrutiny of the effects of comparatively large (0.1 per cent.) 
additions of lead and tin to a base melt of fire-refined co[)per carrying a 
small initial content of these metals. 

2. A comparison of properties between copper free from lead and tin, 
and copper containing relatively small amounts of lead and tin, in wire- 
bars containing about 0.07 per cent, of oxygen. 

Additions of Lead and Tin 

In carrying out the first phase of this program a 50,000-lb. heat of 
copper in process of refining was used. During the poling period the 
bath constituted a source of copper of which the oxygen content gradually 
diminished, lead and tin remaining at a minimum. After 1^2 hr. of 
poling, the process was interrupted for about 10 min., eight 15-11). ladles 
were withdrawn in succession and to them certain additions of lead and 
tin were made. These additions had previously been prepared as singk^ 
pieces of the metals; they were lashed with copper wire to an iron rod, 
plunged to the bottom of the ladle and stirred briskly for a moment. The 
ladle was then poured into a copper mold giving an ingot 2 by 2 by 8 in., 
weighing 10 lb. The series was composed thus: 

1 ingot, no additions 
3 ingots, 3 different lead additions 
3 ingots, 3 different tin additions 
1 ingot, lead and tin addition 

Some variation in the weight of metal scooped up in the ladle was to 
be expected but the lead and tin contents were determined by analysis. 

Two other similar series of ingots with lesser oxygen contents were 
taken, one after 2 hr. poling, and the third when the heat had been 
brought to pitch and was ready to pour. A list of these ingots, together 
with metallic additions, analyses and average test results is given in 
Table 1. 
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Disposition of Ingots 

The ingots were sawed in two and a central slice in. thick cut from 
the center. One-half of each ingot was hot-rolled to 0.15 in. thick and, 
after annealing, was cold-rolled to 0.078 in. thick, a reduction of about 50 
per cent. Lengths suitable for tensile test (2-in. gage length) were 
annealed in nitrogen for 1 hr. at 400° C., a temperature at which a high 
degree of ductility is normally developed in copper of moderate oxygen 
content. Ductility was measured as reduction of width at fracture, 
for reasons which have been discussed elsewhere. ^ From the other half of 
the ingot, millings were cut from the entire cross-section for chemical 
analysis. From the central slice a section for microscopic examination 
was cut, and a portion for conductivity measurement forged and cold 
drawn to 0. 040-in. diameter wire. The resistivity at 20° C. was meas- 
ured (Kelvin bridge) following annealing at 375° C. 

Rolling Properties 

Workability was qualitatively noted by observing the perfection of an 
initially smooth edge on the ingot, after it had been hot-rolled and cold- 
rolled to the finished size. The known effect of oxygen^ in progressively 
impairing the cold-rolling properties up to a limit of workability at about 
the eutectic concentration was observed. Lead and tin in the more 
highly oxidized coppers (above 0.1 per cent, oxygen) affected the rolling 
properties, both hot and cold, to no perceptible degree. At 0.04 per 
cent, oxygen, tin was found to have no effect, whereas lead in amounts 
greater than the oxygen content promoted a very slight roughening or 
checking of the edge during cold-rolling. 

Effect of Lead and Tin on Conductivity and Tensile Properties 

]3etailed results of tensile and other tests are given in Table 1. In 
general, lead and tin up to 0.1 per cent, by analysis induce relatively 
minor effects on the several properties measured; in contrast, oxygen 
has a dominating influence such that, owing to unavoidable varia- 
tions in oxygen content between the several ingots of a group, 
rather more attention has had to be given to the effects of oxygen than 
its triteness would at first seem to warrant. In order to isolate the 
effects of lead and tin from variations due to oxygen, the data of Table 1 
have been recalculated, based on the indicated effect of oxygen for 
minimum amounts of other metals (Figs. 1, 4, 7), making due allowance 
for departures in oxygen content from three constant values of 0.04, 
0.10 and 0.30 per cent, respectively. For example, the ductility of tests 

2 Pilling and Ilalliwell: Proc. A. S. T. M.; preprint, 1925. 

^Hanson, Marryat and Ford: Jut, Inst. Met. (1923) 30 , 197; F. Johnson. Metal 
Industry (1925) 2?/ 205. 
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from ingot 22 has been decreased by 0.2 owing to an oxygen content 
0.009 per cent, below the standard value. These form the basis of Figs. 
2, 3/5, 6, 8 and 9. 



Fig. 1. — Effect of oxygen on conductivity of copper. 
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Fig. 2. — Effect of lead on con- 
ductivity of copper. 
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Fig. 4. Effect of oxygen on ductility of copper. 

Effect of Oxygen 

The effect of oxygen in the presence of lead and tin on conductivity, 
ductility and tensile strength is shown in Figs. 1, 4 and 7. In these 
curves the added metals are identified and the amount roughly indicated 
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by the Rotational scheme used. Oxygen decreases both conductivity 
and ductility, the effect of each 0.1 per cent, oxygen being to lower the 



Per C< 2 n+ Lead P6r Cenf Tin 


Fig. 5. — Effect of lead on duc- Fig. 6. — Effect of tin on duc- 
tility OF COPPEH. TILITY OF COPPER. 



Fig. 7. — Effect of oxygen on tensile strength of copper. 



^ Per CenT Lead ^ PerCen+Ti'n 

Fig. 8. — Effect of lead on tensile Fig. 9. — Effect of tin on ten- 


strength of copper. sile strength of copper. 

former by 2.3 per cent., the latter by 9 per cent, of the maximum values. 
This quite overshadows any additional effect of either lead or tin. Ten- 
sile strength rises with increase of oxygen. 
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Effect of Lead 

Lead is practically without elTect on conductivity even in the presence 
of little oxygen. The effect on tensile strength is uncertain, but at any 



Fig. 10 . — Oxygen approximately 0.04 per cent. Not etched. X 100 . (a) 

Pb, 0 . 019 ; Sn, 0 . 016 ; (6) Pb, 0 . 018 ; Sn, 0 . 056 . (c) Pb, 0 . 020 ; Sn, 0 . 080 . (d) Pb, 

0 . 021 ; Sn, 0 . 133 . (e) Pb, 0 . 044 ; Sn, 0 . 016 . (/) Pb, 0 . 057 ; Sn, 0 . 016 . 


event small. On the other hand, a definite increase in ductility is indi- 
cated when lead is added to an oxygen content of 0.1 per cent, or over. 
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With oxygen as low as 0.04, lead clearly diminishes the ductility. The 
presence of about 0.06 per cent, tin does not interfere with the effect of 
lead on low-oxygen copper; that is, strength and conductivity are unaf- 
fected, while ductility is reduced in accordance with the lead content. 

Effect of Tin 

The conductivity of high-oxygen copper is unaffected by tin up to 
0.10 per cent, yet with oxygen at 0.04, tin beyond 0.06 causes a steady 
decrease in conductivity. This apparently means that not until this 
point is reached is tin present in metallic form to dissolve with the copper 
as a very dilute bronze, thus depressing the conductivity. Tensile 
strength is only slightly affected although a steady increase in strength 
with 0.04 per cent, oxygen may be noted. Amounts of tin even sufficient 
to decrease the conductivity are without effect on the ductility. 



FjCJ. 10 (CONTIVUKI) ) ()X^(.KV APPIIOXIMATELY 0.04 PER CENT. NoT ETCHED. 

X 100. {g) Pp, 0.114; 8n, 0.01(5. {h) Pb, 0.053; Sn, 0.071. 

In general, lead tends to reduce ductility, tin to reduce conductivity, 
but })oth of thcvse tendencies are cancelled by oxygen in sufficient amount. 
Since one part oxygen by weight combines with 3.7 parts of tin to form 
SnO*. it appears from the break in the conductivity curve at 0.06 per cent, 
tin that actually about 1.4 times the theoretically required oxygen content 
is needed to keep tin completely in the oxidized form, and that for similar 
reasons based on the subnormal ductility beyond 0.04 per cent, lead, 
this metal requires about 11 times the theoretical amount of oxygen. 
Although this estimate is only approximate, it is clear that tin is held in 
the oxidized form efficiently, whereas lead is not. The actual maximum 
tolerance might be expressed as a lead content equal to the oxygen com 
tent, or a tin content twice the oxygen content. Conservative practice 
would suggest a liberal factor of safety. 

In all of the higher oxygen ingots, of groups 1 and 2, the margin of 
excess oxygen as thus defined is distinct. 
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Microstructure 

It is evident from an inspection of the microstructures given in Fig. 
10 that both lead and tin form oxide constituents which do not form a 



Fig. 11. — Oxygen approximately 0.1 per cent. Not etched. X 100. (a) 

Pb, 0.016; Sn, 0.012. (b) Pb, 0.017; Sn. 0.057. (c) Pb, 0.022; Sn, 0.101. (d) I'd, 

0.020; Sn, 0.101. (<?) Pb, 0.044; Sn, 0.018. (/) Pb, 0.067; Sn, 0.015. 

eutectic with copper. In the presence of 0.03 to 0.05 per cent, oxygen, 
an increase in the tin content from 0.016 to 0.056 per cent, resulted in 
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tlic complete elimination of the oxide eutectic as a structural element, 
and still larger amounts of tin gave a greater dispersion to these oxide 
particles. Lead, on the other hand, while less powerful in destroying 
the eutectic, finally dispersed it completely; the oxide particles, although 
scattered, have coarsened, in contrast to the opposite effect of tin. 
With larger contents of oxygen (Figs. 11 and 12) these effects are far less 
clearly shown, yet a suggestion of the lead effect remains as the rather 
consistent occurrence of coarse oxide particles immediately enveloping 
the dendritic copper crystals in the more highly leaded ingots. The 
reduction in amount of eutectic is difficult to trace. 

These effects are best seen in un worked ingot sections and are very 
largely lost when the metal is rolled, with the attendant mechanical 



g h 

Fig. 11 (continied). — Oxycjen approximately 0.1 per cent. Not etched 
X 100. { g ) Pb, 0.110; Sx, 0.015. (/i) Pb, 0.044; Sn, 0.053. 

dispersal of the eutectic. Ingot 32 with a tin content sufficient to depress 
the conductivity appreciably showed no coring after etching. 

Residual Lead and Tin 

A careful distinction should be made between the effects of lead and 
tin added to copper of a given oxygen content, and residual amounts of 
these metals present in copper as it is brought to pitch in the furnace. 
To be of value, a close comparison of the effects of the presence of lead 
and tin in high-grade copper should preferably be made only with full- 
sized bars produced by large-scale operations, in order to minimize 
interference with the delicate conditions affecting the ''pitch'' of the 
heat. In order to approximate this, two groups of 225-lb. wirebars were 
chosen for test. The first group was composed of three electrolytic 
bars selected as representative from large stocks of a well known brand; 
it may be assumed that these bars, proved free from lead and tin, are 
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fair samples of current electrolytic grade. For comparison, the second 
group was composed of six wirebars fire-refined from high-grade scrap 
copper containing solder. These bars were taken from a 25-ton heat 



Fig. 12. — Oxygen approximately 0.3 per cent. Not etched. X 100. (a) 

Pb, 0.016; Sn, 0.008. (b) Pb, 0.020; Sn, 0.033. (c) Pb, 0.017; Sn, 0.067. (d), Pb, 

0.019; Sn, 0 . 106 . (e) Pb, 0.045; Sn, 0.009. (/) Pb, 0.054; Sn 0.009. 


refined and brought to pitch under commercial conditions with a total 
residual lead plus tin content of about 0.03 per cent. Judged by the 
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data developed in the first section of this paper, the oxygen content of 
the bars of this group afforded a factor of safety of about 3. All these 
bars hot-rolled and cold-rolled excellently. 

All were rolled full size to strip 0.078 in. thick, the final cold reduction 
being 47 per cent. The final anneal was 1 hr. at 600° C. in nitrogen, 
and was under laboratory control. Conductivity was measured with wire 
drawn from a portion of hot-rolled bar to 0.040-in. diameter and annealed 
at 425° C. for 10 min. Chemical analyses were made on full section mill- 
ings from hot mill crops. 

The full experimental data are given in Table 2. Since the bars of 
each group ran rather consistently to type, it is convenient to compare 
the averages struck from each. 



Fr:. 12. (contini'edF — Oxyoen approximately 0.3 per cent. Not etched. 
X 100. (f/) Pb, 0.093; Sn, 0.010. (h) Pb, 0.059; Sn, 0.026. 


T.able 3. — Average Data 


Group 


AuulyMS 


Cond 

Pit Cent 

Tf»u‘'ile 

Streneth, 

Red 

Width, 

Elonp: 1 

Per Cent 

Grain 

Size, 

Cu 

() Pb 

Sn 

Lb 'In ^ 

Per Cent 

2 In 

Mm 

Kleotrolytic 

99 9-1 0 

073 nil 

ml 

100 1 

32,7)00 

26 o 

49 3 

0 03S 

I ead-tin 

99 92 0 

00 o 0 010 0 

OIS 

100 9 

32, 7)00 

27 2 

50 3 

0 027 


Although the electrolytic bars averaged higher in copper content, the 
lead-tin bars are, by a small but consistent margin, both more ductile and 
of higher conductivity. The better ductility of the lead-tin bars is only 
partly accounted for by their lower oxygen content and may be largely 
due to their finer grain size,^ a feature which has been rather consistently 
noted. The conductivity difference is more striking in that the average 
electrolytic value is below the lowest lead-tin, and is too great to be 


* Pilling and Halliwelli Op. cU. 



G92 


CONDUCTIVITY AND DUCTILITY OF COPPER 


accounted for by the difference in oxygen content. The lower strength of 
the copper in these two groups, as compared with the tests in Table 1, is 
fully accounted for by the difference in annealing temperature. 

It is clear, therefore, that residual lead and tin may be present to a 
total of a few hundredths per cent, in wirebar copper without loss of either 
ductility or conductivity. 


Conclusions 

1. Tin and lead may be present in copper of commercial purity with- 
out loss of either ductility or conductivity provided the sum of the lead 
and half the tin contents does not exceed the oxygen content. This 
may be regarded as the maximum tolerance, not to be approached in 
conservative practice. 

2. When the above condition is observed, the tensile and electrical 
properties of copper containing lead and tin are directly related to the total 
oxygen content. 

3. AYhen the above condition as to oxygen content is not observed, an 
excess of tin depresses the conductivity and is without effect on th(‘ 
ductility; an exccvss of lead reduces the ductility without appreciable 
effect on the conductivity, and impairs the cold-rolling properties. 

4. A careful comparison of wirebars produced under commercial 
conditions has shown that copper containing residual lead and tin up to 
0.03 per cent, total is fully the equal, both as to conductivity and ductility, 
of average grade electrolytic wirebars. 
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DISCXSSION 

5. Skowronski, Perth Amboy, N. J, — It must be rather startling to the 
copper refiner to find that lead does not have much effect upon the rolling 
quality of the copper, and the conclusions of Messrs. Pilling and Halliwell 
must be carefully interpreted in order to avoid any misconception. 

In the rolling of copper into sheets, starting with the usual copper 
cake, or wedge bar, lead is a very deleterious element, and there is positive 
evidence that copper containing as low as 0.0075 per cent, of lead will fail 
on rolling, the copper being hot short giving serrated edges to the coppcT 
sheet. This with the normal amount of oxygen to be found in refined 
copper 0.03 to 0.04 per cent. 



DISCUSSION 


693 


The inaniuM’ in whi(;li copper is rolled whether in eloscnl or open 
passes imdo\ibt(Hlly has an influence on the amount of lead which may he 
allowed in the copper, and under the authors' condition, a much higher 
lead content is permissible. 

The authors are correct when they state that lead has no effect upon 
the electrical conductivity of copper. Experimentally it has been found 
that copper containing as much as 0.5 per cent, of lead has the 
same conductivity as the original copper without the addition of lead. 

In fact lead will increase the conductivity of copper, where the 
decrease in conductivity is due to the presence of arsenic. For example 
copper containing 0.0104 per cent, of arsenic with a conductivity of 97.3 
can have its conductivity increased to 100.2 per cent, by the addition of 
0.12 per cent, of lead. 

W. H. Bassett, Waterbury, Conn. — The reason why we advocate a 
lead limit of 0.005 per cent, is because when cake copper is hot-rolled to 
sheets, edge cracks begin to be noticed with lead at 0.005 per cent., and 
with more lead, the cracks become worse. 

It makes much difference whether one is rolling copper or just 
“playing" with it. If one is willing to put it through the rolls, back and 
forth, almost an unlimited number of times, to reduce it a certain amount, 
more lead can be tolerated than if it is pinched to the full capacity of the 
rolls. The modern practice of rolling copper is to squeeze as much as the 
rolls will stand. Certainly copper, if it is well refined, will not stand a 
lead impurity. Tin does not affect to any extent the ductility of copper. 
Copper can be rolled with tin in it up to 2 per cent. — I am now speaking of 
hot-rolling. Fsing care, copper can be cold-rolled with lead in it up to 1 
per cent. In cold-rolled copper small amounts of lead do not seriously 
impair the ductility. 

The authors (piote Mr. Addicks in regard to overpoling: “The 
unstable condition can be controlled by adding certain substances, nota- 
bly lead, in small quantities, but as mere traces of lead make copper brit- 
tle, the cure is worse than the disease." Overpoled copper usually 
contains oxygen in considerable amounts. The authors have not taken 
into consideration the sulfur that is contained in overpoled copper. 

Of course, the relative amounts of oxygen and lead present must be 
taken into consideration. There is no doubt that tin oxide can occur in 
copper if it contains considerable oxygen. We have found that when this 
condition exists, solution of the copper in nitric acid leaves grains of tin 
oxide, beside the usual precipitate of metastannic acid. 

The other impurities in the copper were not taken into consideration 
by the authors. The samples should have been subjected to complete 
analysis. In considering grain size, the question of the effect of impurities 
other than lead and tin were not taken into consideration. Of course, tin 
raises the annealing temperature of copper, and to make a proper com- 
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parisoii the material should have been annealed to the same grain size 
instead of the same temperature. The conductivity in Table 3 of average 
data shows electrolytic copper to have a conductivity of 100.1, and cop- 
per containing the lead and tin to have a conductivity of 100.9. An elec- 
trolytic copper may contain silver, which would have little effect 
on conductivity, but would have a very decided effect on annealing tem- 
perature and grain size. It may contain nickel, which will decrease the 
conductivity more than either tin or lead, lead having practically no 
effect and tin having but small effect. It may contain arsenic, which 
would not make very much difference to grain size, in the small amounts 
which could be present and have the conductivity given. Wc really do 
not know what there was in the electrolytic copper to reduce its conduct- 
ivity, and the copper which contained lead and tin may have been of very 
high purity, except for the lead and tin. 

The refining which this copper has received may have removed some 
of the impurities which the electrolytic copper originally contained. 

Of course, we cannot agree with the authors^ conclusion : ^'Tin and lead 
may be present in copper of commercial purity, without loss of either 
ductility or conductivity provided the sum of lead and half the tin con- 
tents does not exceed the oxygen contents. This may be regarded as 
the maximum tolerance, not to be approached in conservative practice.’^ 

Suppose in commercial copper we have 0.02 per cent, of oxygen 
present, and then we might have lead under those conditions present as 
0,015 per cent., and tin as 0.010 per cent. The tin would not affect the 
ductility, and the lead would be extremely disastrous in hot-rolling. Of 
course, there is a relation between the amount of lead that copper will 
carry, and oxygen, but copper which is proper for use in the arts, must 
have low oxygen. Oxygen approaching 0.1 per cent., has a considerable 
effect on the ductility of copper. Formerly, this might have been toler- 
ated in copper sheets for roofing, where the copper was not mechanically 
worked to any extent, but if the oxygen approaches 0.1 per cent., the 
ductility of copper, and its fatigue resistance, we believe, is reduced con- 
siderably. Under modern conditions, in the use of copper, those points 
must be observed. 

In the third paragraph the authors say that lead reduces the ductility, 
without appreciable effect on conductivity, and impairs cold-rolling 
properties. It impairs hot-rolling properties, but once the copper is 
broken down, you can cold-roll it practically as much as if there were not 
any lead present. 

So I think that while this paper is a good exposition of the fact of the 
counteracting effect of oxygen on the influence of lead in copper, particul- 
arly in the hot-working of copper, it would lead to many wrong conclus- 
ions if we took it without some further consideration of the matters which 
I have just talked about. 
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C. S. WiTHERELL, New York, N. Y— I would like to ask the authors, 
when they speak of percentage of oxygen in copper, whether they refer 
to the total oxygen or what is nowadays, I think, called optical oxygen, 
which means that oxygen which can be accounted for by the oxygen con- 
stituent visible under the microscope, whether a suboxide or a eutectic 
composed of suboxide with copper? 

N. R. Pilling. — The oxygen given is that which was determined by 
direct chemical analysis. 

C. S. WiTHERELL. — After the oxidizable impurities have been satisfied, 
to the extent possible, then any more oxygen present must be there com- 
bined with copper and be visible under the microscope as the oxygen con- 
stituent. It is obvious that impurities are much less harmful if in the 
form of oxides and merely held in suspension than if they were in the ele- 
mental state alloyed with the copper. To insure this condition enough 
oxygen-constituent (considered to be suboxide of copper) must be present; 
however, as is well known, too much oxygen-constituent must be avoided, 
whether the impurities be present or not. There is a rather delicate 
balance, hence it is probably more important to have some criterion of 
that oxygen appearing in combination with copper than to know the total 
oxygen present. There is no better criterion than that indicated by the 
microscope, which not only shows to what extent the copper oxide has 
been formed but also how segregated and whether or not the impurities 
which form solid oxides have, to a large extent, been put into 
that condition. 

F. R. Pyxe, Perth Amboy, N. J. — Weight must be given, as Mr. 
Bassett has said, to the other traces of impurities in the copper. In some 
of these papers, that has too frequently not been given sufficient weight. 

C. R. Hayward, Cambridge, Mass. — I wish to object, on theoretical 
grounds at least, to any statement that the presence of any impurity does 
not affect the conductivity of copper. For practical purposes, we may 
put up with small quantities of various impurities, but I feel sure that the 
copper metallurgists should not rest satisfied until they have produced 
the purest possible copper, as free as possible from impurities, either 
dissolved or free, and also as free as possible from voids. When such a 
copper is produced, it will have properties far superior in many respects 
to the best commercial grades today. 

The recently published tests on a single crystal of copper, that have 
been made in the laboratories of the General Electric Co., have been 
extremely interesting, and show some of the intrinsic properties of pure 
copper. How nearly we can ever approach to those properties, at least, 
so far as conductivity is concerned, it is impossible to say, but we have 
been too much accustomed to consider copper containing oxygen, even 



696 CONDUCTIVITY AND DUCTILITY OF COPPER 

though quite free from other impurities, as the best copper that can be 
produced. 

Even these small traces of oxygen, admitting perhaps that it is 
difficult to measure their effect as far as conductivity is concerned, must 
have some effect on conductivity, and several times today it has been 
pointed out that traces of one thing or another undoubtedly lower the 
conductivity of the copper and affect its resistance to fatigue failure and 
its behavior in working. 

We also forget that there is often a change in the composition of 
copper, as it flows from the furnace to the mold and during setting. 
Most of our practical copper metallurgists minimize the absorption of 
oxygen during this period but I have made tests which show that the 
absorption is considerable, and 1 feel confident that it has a bad effect 
upon the final properties of the copper as the fabricator has to receive it. 

I merely wish to make a plea for a continued effort toward getting, 
shall I say, a chemically pure copper; and when that day comes, we will, 
I believe, look back upon our present complacency with shame. 

W. C. Smith, Baltimore, Md. — The question was asked whether the 
oxygen had been determined microscopically, optically or chemically. 
With lead and tin present, the microscopic oxygen is not much good ; 
in fact, it is very erroneous. 

C. R. Stkvens, East Pittsburgh, Pa. — I would regret very much to 
have the impression created that the authors desire to go on record as 
stating that lead and tin as impurities in copper are of no consequence or 
significance. They have proved in their paper that small quantities of 
lead and of tin with proportionate amounts of oxygen have no detri- 
mental effects whatsoever on the ductility and the conductivity of 
commercially pure copper. 

Ten years ago, I was confronted with the problem of using copper 
from which lead and tin could not be entirely eliminated. The copper to 
which reference is made is wirebars made from refined copper scrap con- 
taining small quantities of soldered leads, connectors, etc. Practical 
mill-working of the copper, based on fore-knowledge of its content, 
demonstrated that it possessed slightly greater ductility and conductivity 
than the average American electrolytic wirebar stock. The results 
obtained in the mill prompted us to make a thorough research test to 
determine the limits to which lead or tin or both could be present without 
detrimental results of copper. The paper presented by Dr. Pilling and 
Mr. Halliwell gives the results obtained in detail. 

I attribute the successful working of lead- and tin-bearing copper to 
our refining and manufacturing processes. In our refining process, we 
oxidize the copper quite extensively, skim off the slag very carefully, cover 
the charge well, and reduce to the proper pitch. The oxidizing section of 
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the refining process is carried beyond the stage of the disappearance of 
metallic lead which is determined by the disappearance of the lead line 
in the spectroscope. The elimination of lead is substantiated by chemical 
analysis made at the time. In the hot-rolling process, our equipment 
is such that the metal is worked on all four sides at once, thus giving 
equal distribution of pressure throughout the bar. This hot-rolling 
treatment builds up a grain structure at the beginning that is an insurance 
against edge fractures. 

The wirebars we make from refined copper scrap have an extremely 
fine ‘‘set.’’ The wrinkles are very small and indicate the absence of 
insoluble gases. The “set” surface has been milled from hundreds of 
bars and no cavities have beep found. 

The statement that lead present in copper is detrimental to making 
sheets does not necessarily prove that lead in very small quantities is the 
cause of cracked edges. (3ur research work and practical experience have 
demonstrated otherwise. We have made exhaustive comparative tests 
for edgewise ductility performance and have found that lead-and tin- 
bearing copper up to 0.03 per cent, of lead and tin showed a lower per- 
centage for breakage loss than average electrolytic copper. 

The ductility requirements for copper to bend edgewise around a pin 
are very high. As an example of the requirements, let me illustrate 
a standard operation in coil forming: (’opper strap 0.045 by 0.625 in. is 
bent around a pin of in. diameter to an angle of 180°. The extreme 
outside edge stretch(\s nearly 95 per cent. Of course, the compressive 
stresses acting on the inside edge compensate to some extent for the 
great elongation of the outer edge. 

Another feature peculiar to refined copper bearing 0.03 per cent, lead 
and tin or less is the remarkable freedom of the metal from slivers and 
other surface defects. This feature is of great value when applied to the 
manufacture of large cross-section shapes such as rounds, squares, rec- 
tangles, wedges, etc. In closing, allow me to say that in 10 years’ 
experience of manufacturing copper, during which period approximately 
60,000,000 lb. of scrap copper has been refined, we have found the metal 
to be second to none for those qualities of prime importance to the elec- 
trical industry, viz., ductility and conductivity. 

N. B. Pilling (reply to discussion).— Both Mr. Bassett and Mr. 
Skowronski have stressed the importance of lead on the ability of 
copper to hot roll without cracking. As they have suggested, the lead 
tolerance in rolling sheet from cakes may possibly be lower than in rolling 
narrower sections from wirebar where a considerable side support is given 
during the reduction. They are probably right in their contention that 
with heavy mill reductions lead, when present in amount sufficient to 
cause damage, has its principal effect in the hot- rather than the cold- 
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rolling properties. Our data on extremely high lead contents in experi- 
mental ingots do not afford a clear answer to this point. 

As to the critical relation between the oxygen and the combined lead 
and tin contents, which forms one of the principal conclusions of the 
paper, Mr. Bassett does not seem inclined to agree, yet in the example 
which he cites as disproof, one finds reference only to hot-rolling quality 
and not to either cold-ductility or conductivity, regarding which the point 
in question is framed. We would also call attention to the fact that Con- 
clusion 1, to which he objects, contains two sentences, only the first of 
which he has considered. We of course do not know and have not 
attempted to determine to what extent this critical ratio changes as the 
oxygen content is varied, but consideration of Ingot 27 in Table 1 would 
suggest that a considerable increase in the oxygen content from 0.04 to 
0.15 per cent, does not diminish it to any great extent. We maytherefore 
assume no important change in the range 0.02 to 0.06 per cent, oxygen. 
Although Mr. Bassett speaks of an oxygen : lead ratio of 4 to 1 and Mr. 
Skowronski implies that 5 to 1 is not enough, we have seen many wirebars 
of the lead-tin type of Table 3 in which (assuming that the small tin con- 
tent accounts for a fraction of the oxygen content in accordance with 
Conclusion 1) the oxygen: lead ratio is about 3 to 1, hot rolled and cold 
rolled on a commercial scale to thin strap sizes with much success. Over 
50,000,000 lb. of copper of this type has been successfully worked by the 
Westinghouse company. 

The quotation from Mr. Addicks regarding the evil effects of lead in 
copper, while made by us only to indicate the divergence of opinion 
indicated in the literature, we feel is distinctly misleading in the cate- 
gorical and unqualified form in which it originally occurred. 

Both Mr. Bassett and Mr. Pyne suggest that the two grades of copper 
compared in Table 2 may have differed in important respects as to the 
content of minor impurities other than the six for which analysis was 
made. We would not suspect great divergence in composition as the 
fire-refined heats were worked up initially from electrolytic scrap reverts, 
but admit the pertinence of the question. Mr. Bassett has agreed to 
make a careful analytical comparison between representative bars of these 
two groups, and the results he obtains from material now in his hands will 
be of value. 

In principle, at least, we find no difficulty in agreeing with the remarks 
of Mr. Witherell regarding the importance of the form in which impurities 
are present, whether oxidized and precipitated, or in the reduced con- 
dition. This point received some attention in the paper by way of 
micrographs showing the oxide structures encountered; yet we have had 
some trouble in identifying with any certainty the minute quantities of 
these present in impure low-oxygen copper, not to speak of the difficulty 
of attempting a quantitative estimate of them. 
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It is perhaps only fair to state that our intention in presenting this 
I)aper was not to suggest any relaxation from the present standards of 
purity of refined copper, but by calling attention to the highly successful 
industrial use, in an application in which the physical and electrical 
requirements are severe, of copper containing an element commonly 
regarded as detrimental, to indicate what seems to be a lag between the 
literature of the art and its practice. 

W. H. Bassett (written discussion). — Samples of wire bar copper from 
Grades A and B, Table 2,^ were handed me by Messrs. Pilling and Halli- 
well for complete analysis in order, if possible, to obtain further informa- 
tion as to the reason for the difference in conductivity between these two 
grades. The result of this analysis follows: 


Bar No 

7 

3 

Brand 

. . Lead-tin 

B. E. H. 


Per Cent. 

Per Cent. 

Conductivity 

100 5 

99 8 

Copper 

99 901 

99 942 

Silver .... 

0 034 

.0026 

Arsenic 

. . 0006 1 

.0009 

Antimony 

0013 i 

0011 

Lead ... 

0093 ! 

.0004 

Tin 

.0163 i 

.0000 

Iron . . . .... 

. . .0051 i 

.0020 

Nickel . . . . 

.0039 

.0016 

Selenium . . ... 

0005 ' 

.0006 

Tellurium . 

.0007 

.0007 

Bismuth . .... 

00003 

.00005 

Zinc 

0019 ! 

.0000 

Sulfur. ... 

0022 

0031 

Oxygen ... ... . .... 

.060 

.062 


The composition gives no evident indication as to the reason for the 
high conductivity of the lead-tin copper as compared with the B. E. R. 
electrolytic sample. It is well known that lead and tin in small amounts 
have but little effect on conductivity, but with lead, tin, iron, nickel and 
zinc all higher in the lead-tin samples it is very difficult to understand 
why the conductivity should also be higher. Oxygen does not affect 
conductivity very rapidly and the oxygen in the electrolytic sample is 
only slightly above that in the lead-tin sample. 

The heating, rolling and drawing of the wire, and also the annealing 
of these samples, was done at the same time and under exactly the same 
conditions. The microstructure is very similar. 


6 See Table 2, page 689. 
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Exudations on Copper Castings 

By W. H. Bassett* and J. C. Bradley,! Waterrury, Conn. 

(New York Meeting, February, 1920) 

Beads of metal frequently appear at the ends of cast-copper wire bars and on the sides 
of wedge cakes near the top. These are richer in cuprous-oxide than the rest of the ca’^ting. 
A micrographical study of these exudations has been made. Ti is suggested that the 
material isforeed through the surface while the copper is solidifying. If not eliminated in 
process of manufacture^ it shows on the finished polished sheet copper in patches differing 
in color from the main body of the sheet. 


Figures 1 to 4 show th(^ copper exudations, at different magnifica- 
tions, as they appear on the ends of cast wire bars, and on the sides, usu- 
ally near the top, of wedge cakes. Sometimes the exudations are in fine 
“drops;’^ at other times, large masses of the material are found. 

Microscopic examination of the copper exudation indicates that it is 
high in oxide and of eutectic proportions. Because of the difficulty 
of securing a suitable sample, the protuberances have not been analyzed 
chemically; but the spectroscope shows no indication that there are any 
more metallic impurities present than in the balance of the copper. The 
lowest copper plus silver content of the coppers studied for this paper was 
99.914 per cent.; the highest, 99.966 per cent.; so the oxygen content of 
the whole casting would be well under 0.07 per cent. 


Structure of Protuberanc es 

The segregation of oxide between grains in the interior of the cast 
bar, not far from the ''set,’' is shown in Figs. 5 and 6. In general, the 
amount of cuprous oxide begins to increase at a point about 0.01 in. 
below the normal surface of the casting, ^. e., the base of the drop; but it 
does not attain maximum concentration in the main body of the metal. 

Vertical sections. Figs. 7 to 12, show that there is a definite line of 
large cuprous-oxide globules at the base of the drops. Horizontal 
sections at this place show that these large globules lie in a thin billowy 


* Technical Superintendent and Metallurgist, The American Brass Co. 
t The American Brass Co. 
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Fig. 1.— X 1. 


Fig. 2. — X 1.3. 



Fig. 3— X 5. Fig. 4.— X 20. 

Exudations as tiikv ai'pkar on goppek castings. 



Fig. 5. — Oxide segregation Fig. 6.— Oxide segregation 

BETWEEN GRAINS OF COPPER CASTING; BETWEEN GRAINS OF COPPER C 
SECTION PARALLEL TO SET. X 75. SECTION PERPENDICULAR 

X 75. 
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Fig. 13.— X 75. Fig. 14.— Xl75. 



Fig. 15.— X 75. Fio. 16.— X 100. 



Fig. 17.— X 250. Fig. 18.— X 500. 

Hobizoktal sections thbough exudations on cofpeb castings. 
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sheet, one globule deep, across the whole basal portion. This phenom- 
enon is brought out more distinctly by the single narrow band, free from 
cuprous oxide, lying adjacent. Beyond this clear narrow band the entire 
body of the drops is made up of a rich mixture of cuprous oxide in copper, 
broken only by distinct lines of oxide globules resembling those of the 
crystal boundaries within the casting proper. These division lines 
occur only in the larger drops and suggest that the metal forming the 
drops flowed from more than one outlet and joined in a common mass. 
Half of such a drop is shown in Fig. 10; another part, in Fig. 9. Where 
the drops are attached to the surface of the main body of the copper, the 
cuprous oxide globules are elongated in a direction nearly normal to the 
surface. Elongation of the cuprous oxide is also noticeable in the metal 



Fig. 19.-- X 75. Fig. 20. -~X 75. 

Horizontal sections through exudations on copper castings. 


underneath the drops. There appear to be no definite craters or channels 
from which the high cuprous oxide material exudes, but there is at least 
a well-defined structure to show general movement, or increase in oxide 
toward the drop. Figs. 13 to 20 show horizontal sections. 

Mechanism of Exudation 

Pure copper solidifies at 1083° C.; the eutectic material, carrying 0.39 
per cent, oxygen, remains liquid until the temperature goes down to 
1065° C.^ As the copper of highest purity crystallizes, a gradual rise 
of oxygen-rich mother liquor occurs in the mold, as evidenced by the 
concentration of cuprous oxide being greater near the top of the casting 
and in the set than in any other part. It is such material as this of eutec- 
tic proportions that constitutes the protuberances. At first, while most 

^ Heyn: Equilibrium Diagram. Z. Anorg. Chem. (1904) 39 , 1. 

Desch: Metallography, (1913), 205. 
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of the copper is molten, the hydrostatic pressure makes the solid envelo])e 
of the casting hug the mold. Soon contraction, the result of cooling, 
leaves a space between the mold and the copper; into this is forced some 
of the copper-cuprous oxide eutectic, which has been entrapped between 
crystals of purer copper, forming the exudations at the sides near the top 
of the cake or bar. 

Effect of Exudations on Rolled Copper 

When wedge cakes and other shapes are so rolled that the surfaces 
carrying exudations correspond with the finished surfaces of the sheet 
metal, these high oxide areas will sometimes appear in patches differing 



Fig. 21. — Brown stain on polished sheet resulting from exudations on copper 
castings; heat tinted. X 1. 


in color from the rest of the sheet. If the metal is highly polished and 
held in the proper light, these spots look brown in contrast with the 
clean copper. The spots vary in shape ; some are streaked, some form in 
a lacey pattern, others look like leopard spots. The spots change shape on 
polishing deeply. The shape depends on the way the protuberances 
occur in casting and on the direction in which the metal is rolled. Fig. 
21 illustrates these spots, the sample having been prepared by heating, 
to bring out the color contrast. 

If in process of manufacture the surface is heavily scaled, or scalped 
so the protuberances are removed, the brown stains do not appear. 
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EXUDATIONS ON COFFEE CASTINGS 


DISCUSSION 

F. R. Pyne, Perth Amboy, N. J— Exudations are always on the ends 
of the wire bars or on the upper part of the cake. That is where the mold 
is thinnest, and the copper gets its first cooling. 

Mr. Bassett's analysis — that the copper oxide released by the release 
of pressure through the shrinkage of the solid metal in the mold — is 
probably correct. It is very difficult to prevent exudation, except by 
using very thick molds and keeping them hot. Exudation occurs in the 
early part of the casting more than later when the mold is hot. 

H. A. Shaw, Seymour, Conn. — Is it not a poor condition in the mold 
that is largely responsible for the formation of exudations? 

C. S. WiTHERELL, New York, N. Y. — It is very pronounced on the 
broad flat ends of blunt-end wire bars. It is the end of the bar that 
draws away from the mold very quickly, and at that time it is just below 
the freezing temperature of copper and since the bar is shrinking it is 
understandable that any liquid constituent would squirt out through 
whatever surface pores it may find. 

I do not know what we can do about it, except to regulate the temper- 
ature of the molds, and we have so many other things to regulate in cast- 
ing wire bars that I do not think we want to load any others on ourselves. 
However, if the molds are properly proportioned for uniform cooling and 
are at the right temperature for pouring, the trouble seems to disappear. 

W. H. Bassett. — In making polished copper there are so-called ghost 
marks, lace patterns, etc., on the surface of the copper which are caused 
by a slight difference in color between the pure copper and the copper 
oxide eutectic. Such pattern is observed where these exudations are 
rolled in. 

C. S. WiTHERELL. — It seems to me that the value of such rolled copper 
would be sufficient to warrant the expense of scalping the copper before 
rolling it. It is a very simple means of removal. On all other copper you 
would not care whether the markings were there or not. 

H. A. Shaw. — It is customary on certain kinds of copper to scalp 
to the extent of 5 per cent, on the surface, and even that does not take it 
out on both surfaces on the wedge cake. 

C. S. WiTHERELL. — That would be about H (/^ in. per side) on a 
5 or 6-in. cake. 

H. A. Shaw. — That is after it is rolled. 

C. S. WiTHERELL. — That is about in. 



MICROSCOPIC STRUCTURE OF COPPER 


707 


Microscopic Structure of Copper 


By H. B. Pulsiper, Cleveland, Ohio 

(New York Meeting, February, 1926) 

The following report on the structure of copper is the result of work 
done in the laboratory of the Rome Wire Co. early in 1925. Previous 
work had indicated to the author that excellent results might be expected 
if a suitable technique in surfacing and etching could be developed. 
The resources of the Rome Wire Co. enabled this metal to be studied more 
intensively than previously, although none of the materials were investi- 
gated exhaustively. The material presented is hardly more than a pre- 
liminary summary of the most obvious character of the metal; a much 
longer research would have been necessary to solve many of the pressing 
problems connected with the casting and working of copper. 

The Rome Wire Co. has generously released the paper; to Dr. E. H. 
Darby, technical supervisor of the company, are due particular thanks 
for his appreciation of the importance of metallographic study of copper 
and for his effective support in the prosecution of the work and in making 
its publication possible. 


Dendrites, Cells and Granules 

The microscope reveals at least three orders of structural units in 
copper, as in other metals. The largest structural units are the dendrites 
— spine-shaped crystals building up the masses of metal when it solidifies 
from a melt or is crystallized from solutions by chemicals or electricity. 
The nucleus cells j commonly called “ grains, are the largest and most 
conspicuous units of recrystallized solid metal; the limitations of their 
growth usually confine their sizes to microscopic proportions^ although in 
single crystals^' they may become as large as the piece of metal itself. 
The granules are the microscopic fine-structural blocks or laminations 
that build up the nucleus cells; they are revealed when metal is etched 
with suitable chemicals. The granules are commonly visible at 500 
diameters magnification and are plainly visible at 1000 diameters; magni- 
fication of the granular surfaces up to 6000 to 9000 diameters shows no 
finer units, not because of lack of optical resolution but because the 
chemical attack has left an unfeatured smooth surface. 
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absence of very pronounced borders, one is not certain whether all the 
parts belong to one dendrite or to several. Several blunt ends and 
continuous metal from one division to another indicate that most of 
the lines may be partitions in the same crystal instead of borders between 
dendrites. The vugs, rows of globules, and inclusions along the division 



Fig. 3. — Suture lines in a dendrite; etched with ammoniac al peroxide. X 700. 

lines are not as pronounced as may be found in wire-bar sections; this 
print likewise does not show metal as clean and massive as it frequently 
occurs and is always desired in wire bars. 

A more intimate view of suture lines is given in Fig. 3, where the fine- 
ness of the division lines, the quality of the light reflection, and the regu- 


H. B. PULSIFER 


711 


larity of the granulations distinguish the large unit from its neighbor at one 
side. A clearer view of the granulations that control the direction and 
intensity of the light reflection is seen in Fig. 4 which is at 1200 diameters 
magnification. The laminations of this print are the '‘etch figures’’ 
sometimes repressed by metallographers; they are not as easily brought 
out as cell borders and are obliterated by a little repolishing. Ordinarily 



Fig. 4. — Ultimate granules or laminations in cast copper; etched with 

AMMONIAC AL PEROXIDE AND NITRIC ACID. REFLECTIONS FROM FACETS OF LAMINA- 
TIONS define THE COLOR OF A NUCLEUS CELL,* AS REFLECTION VARIES FROM FULL TO 
ALMOST NIL, COLOR CHANGES FROM WHITE TO BLACK. X 1200. 

their appearance is not desired because they subordinate the prominence 
of grain borders and inclusions. 

Another print to demonstrate the difference between sutures and 
dendrite borders is Fig, 5, at 1500 diameters, where a suture line, some- 
what resembling a twinning division, crosses at one side of the print and a 
quite different and well-filled crystal border separates a dark dendrite 
from its light-colored neighbor. 




712 


MICROSCOPIC STRUCTURE OF COPPER 


Nucleus Cells 

The grains or, as the author prefers to call them, '^nucleus cells^^ 
of recrystallized metal will be seen in many of the later prints. They 
have an important effect on the hardness and workability of the metal, 



liG. 5. Typical suture line and typical cell boundary; etched with 

AMMONIACAL PEROXIDE AND NITRIC ACID. DeNDRITIG BORDERS MARK ABRUPT Dis” 

CONTINUITES between differently COLORED CRYSTALS; SUTURE LINut RESEI^LE 
TWINNING LINES. X 1500. ItESLMBLE 


but no studies on their origin or growth can be included at this time. 
One of the important structural observations that is inevitably made is 
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that the boundaries between nucleus cells are extraordinarily fine and 
give a much better contact between adjacent units than do even suture 
lines. Impurities crystallize along suture lines and frequently greatly 
intensify their demarkation; recrystallized metal is not divided with 
reference to previous units, so that bunches or rows of impurities may 
appear at any place within a nucleus cell. Single-crystal stock is not any 
purer than the metal in which the huge nucleus cell grew; the ultimate 
granulations of single crystals are interrupted by nodules of oxide, slag, 
sulfides, or whatever impurities were present in its multi-cell stage or were 
entangled when the metal crystallized from the melt. 

When recrystallized, or nucleus cell, stock is cold worked or slipped, 
each shear plane marks a displacement somewhat similar to the border 
between neighboring nucleus cells. For this reason, cold-worked stock 
is difficult to etch for a strong delineation of grain borders; in the case of 
heavily deformed metal, it may be quite impossible to differentiate 
borders from slip markings. It is naturally more difficult to get good 
prints of heavily cold-worked stock than moderately worked stock, prints 
of which are shown. 

Granules 

The etch figures, or ultimate granules, of copper show with startling 
clearness when a chemically smoothed surface is etched with concen- 
trated nitric acid. Fig. 4 was produced by merely dipping a suitable 
surface in concentrated nitric acid and rinsing as quickly as possible. 

Little attention appears to have been given these granulations in 
copper or in other metals. While always conforming to the crystallo- 
graphic habitat of the metal, the granules may have shapes dependent on 
the etching medium used. Rinne,^ having studied the solution of 
salt crystals in different media and having found different forms for 
different solvents, says: ''The particular form of a crystal constitutes 
a morphological symbol of the equilibrium of the balanced force fields 
that arise between its own substance and the materials around.'" The 
markings on copper conform to the isometric system. The constants 
determining the size of the laminations, or the distance between strata, 
or the sizes of cubic figures are at present unknown. The author has 
held that the granules are determined by some physical constant and have 
more significance than merely the progressive outline of the solution face. 

Some support for the conception that the ultimate granules are actual 
physical subdivisions comes from the observation that the offsets in 
worked or slipped stock are of the same order of magnitude as the gran- 
ules; this topic offers a promising field for further investigation. From 
all the prints of etched metals that the author has seen, and especially 

1 Frederick Rinnc: “Crystals and the Fine Structure of Matter.’^ E. P. Dutton 
k Co., New York, N. Y., 1924 
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from those at from 1200 to 9000 diameters magnification, there is no 
hint of any more minute texture or smaller order of crystalline units. 
This, of course, means that the chemicals used for etching have too gross 



Fig. 6. Set surface op a copper wire bar; etched with ammoniacal perox- 
ide. TjDGE (black) of print is at surface op bar. X 50 . 

an effect to disclose any demarkation even if it should exist. The subject 
of the effect of etching reagents is very fascinating. 
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'J'exiure of Cast, Worked, and Annealed Copper 
Caiit Copper 

In continuing the study of copper further than to become acquainted 
with the three basic structural units^ — dendrites, cells, and granules — one 
promptly finds other important features. The oxygen eutectic is 



Fia. 7 . — Oxygen eutectic dark in lower portion of wire bar; etched with 

AMMONIACAL PEROXIDE. BaR HAS AN UNUSUALLY HIGH OXYGEN CONTENT. X 100. 

usually prominent in cast metal and its alteration product — oxide 
granules — can be found in practically all worked metal. 

Cast copper commonly contains an amount of oxygen sufficient to 
make the cuprous oxide-copper eutectic noticeable as a structural com- 
ponent. It will be recalled that the eutectic is generally assumed as 
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consisting of 96.5 per cent, copper and 3.5 per cent, cuprous oxide, 
and that it freezes at 1063°, which is 20° below the freezing point of 
pure copper. If the eutectic is present in considerable amounts, 



— n— — — { 

Fig. 8.— Longitudinal section through small ingot after cold-rolling- 

TRA^VErE^BAZmrfDAHKr^'^ DENDRITES AND 

TOA^VERSE BANDINGS (DARK). 8eE NEXT FIGURE FOR DETAIL IN THE BANDINGS. 


it may be visible to the naked eye in polished sections. The eutec- 
tic frequently covers the surface of ingots to a varying depth, not 
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infrequently extending down in. Fig. 6, which is at 50 diameters 
magnification, shows a characteristic section through a thick layer of 
eutectic on the set surface of a wire bar. The entire surface consists of 
eutectic, which is gradually replaced by dendrites of massive copper 
until, at a depth of about in., a uniform admixture of eutectic and 
copper is found, which may persist throughout the bar. Fig. 7, at 100 



Fig. 9. — New eqxti-axed crystals in bandings of Fig. 8; etched with ammo- 

NIACAL PEROXIDE. TniS GROWTH OF NEW CRYSTALS IS ONE CAUSE FOR SOFTENING OF 
OVERWORKED METAL. X 1500. 

diameters, was taken from deep in the corner of a wire bar and shows the 
texture of a rather high-oxygen metal. 

Although cuprous oxide is a brittle mineral, it does not follow that 
copper is necessarily ruined by the presence of a considerable amount of 
eutectic. Surely cuprous oxide cannot improve the plasticity of copper, 
but that it is ruinous is not substantiated by the practical work in the 
drawing mills and by the fact that abundance of oxide may be found in 
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fine wires that have drawn satisfactorily. Many ferrous materials 
containing several per cent, of the extremely brittle carbide of iron are 



Fig. 10. Hot-kolled copper rod; etched with ammoniacal peroxide. 
Etched for strong delineation of cell borders, rkpolished to avoid coloring 
Rows OF impurities cross cells. Surface should have been etched and 
repolished again for complete elimination OF scratches. X 100 . 


satisfactorily worked at temperatures when they are relatively less 
plastic than cold copper. 
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Cant Copper', Worked 

Cast copper that has been cold worked has its dendrites elongated 
and its ultimate particles slipped to correspond to the change in shape of 
the specimen. Fig. 8 indicates the elongation of dendrites in a small 
specimen after cold rolling. This specimen probably had about 75 per 
cent, reduction and^ besides the elongation of the dendrites, shows 
transverse bands that etched more deeply than the major part of the 
metal. With higher magnification the nature of the transverse zones 



Fig. 11. — Hot-rolled copper rod; etched with ammoniacal peroxide and 
NITRIC acid. Surface was first etched for cell demarkation, then luster- 
etched TO give cell contrast. X 500. 

becomes clear; the bandings are spotted with nests of new and minute 
cells of recrystallized metal. These are the new equi-axed grains in 
haphazard orientation; Fig. 9 shows some of them at 1500 diameters 
magnification. The laminations of the new and well-defined units 
have no relation to the uniform slopes of the granules of the 
elongated dendrites. 
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This demonstration of the new units in cold-worked copper that has 
not been reheated probably explains the softening of the metal by too 
drastic cold working. The weakening and loss of cohesion by cold work- 
ing may be complicated by another occurrence which, it is believed, can 



Fig. 12. — Cold-drawn copper trolley wire; etched with ammoniacal 

PEROXIDE AND NITRIC ACID. CuRVED CELL BORDERS AND NUMEROUS GRANULE 
OFFSETS AS WELL AS ELONGATION OF UNITS ARE EVIDEN(^E OF COLD- WORKING, AlL 
MATERIAL IS CRYSTALLINE. X 1500. 

be seen but which cannot be substantiated with prints — that is, a trans- 
verse Assuring of the heavily slipped grains. 

Recrystallized Copper 

Copper that has been hot rolled or cold worked and reheated shows 
a complete transformation with full development of equi-axed nucleus 
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cells. It is not difficult to so work and partly anneal copper that both 
the previous dendrites and the new units may be in about equal evidence; 
material of that sort, however, is not eommonly produced. In worked 
and recrystallized stock, the impurities previously existing at suture lines 
of the borders of dendrites may appear in lines without reference to the 
new grains. In Fig. 10, which is at 100 diameters, can be seen several 
rows of imperfections that have no obvious relation to the new grains. 



Fia. 13. — Cold-drawn copper wire, 0.184-in. diameter; etched with 
ammoniacal peroxide and nitric acid. Longitudinal section showing slipped 
AND elongated CELLS. X 1500. 


The surface of this section was repolished nearly smooth, leaving the cell 
boundaries clear and showing but slight differentiation in the luster of 
the grains. 

Fig. 11, at 500 diameters magnification, shows a surface of recrystal- 
lized copper etched for full luster effect. The cell borders are sharp 

VOL. LXXIII.— 46. 
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and straight and a full development of the cell granules gives a strong 
contrast from unit to unit. 

Recrystallized and Worked Metal 

The development of a suitable surfacing and etching technique has 
made possible the taking of pictures at about 1500 diameters magnifica- 
tion that show in considerable detail the slip structure of cold-worked 
copper. Longitudinal sections through worked metal indicate that the 
jagged offsets which result from slip are of the same order of magnitude 



Fig. 14. — Cold-drawn copper wire, 0.051-in. diameter; etched with ammo- 

NIACAL peroxide. LONGITUDINAL SECTION SHOWING SLIPPED AND ELONGATED CELLS 

X 1500. 

as the ultimate granules of annealed stock. One is led to the inference 
that the ultimate granules are a structural reality and not the etch figures 
of a continuous but diminishing crystal. 

A longitudinal section of a heavy cold-drawn wire, at 1500 diameters 
magnification, is shown in Fig. 12. The curved and serrated cell borders 
and the occasional transverse offsets instantly distinguish the worked 
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from the annealed stock. A comparison of the slip blocks of this 
wire with those of wires 0.184 in. and 0.051 in. in diameter can be made 
by inspecting Figs. 13 and 14. The average cell size diminishes greatly 
with the decrease in wire diameter, but in each instance the slip blocks are 



Fig. 15. — Cold-drawn copper wire, 0.184-in. diameter; etched with ammoniacal 
PEROXIDE and nitric ACID. EnD VIEW OP UNITS SHOWN IN FiG. 13. X 1500. 


apparently close to in. thick, when measured normal to the 

bedding plane. 

Transverse sections through the 0.184-in. and 0.051-in. wires, respec- 
tively, are seen in Figs. 15 and 16. These prints are also at 1500 
diameters magnification and plainly disclose the smaller cell units in 
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the smaller wire. In these transverse sections, the units with lamina- 
tions at a slight angle with the plane of the section have etched out white. 

None of the prints show wire or sheet that has received anywhere near 
the extreme amount of cold working. However, the prints do show that 
at this degree of working the metal is practically all crystalline and does 
not appear to contain appreciably more disorganized material than 
annealed stock. However hazy and indistinct the units may appear 
under the lower powers of the microscope or when the cell surfaces are not 



Fig. 16.- — Cold-drawn copper wire, 0.051-in. diameter; etched with ammo- 
NIACAL PEROXIDE AND NITRIC ACID. EnD VIEW OF UNITS SHOWN IN FiG. 14. X 1500. 


all in the same optical plane, there is no question about the sharpness 
and regularity of the crystal parts. 

Oxygen in Copper 

The oxygen eutectic so commonly present in copper has a beautifully 
reticulated texture under the higher powers of the microscope. Fig. 17, 
which is at 1000 diameters magnification, indicates the striated and honey- 
comb varieties that evidently depend on the rods of oxide being normal 
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^ 4— ^ mm 


Fig 17 — Uoppek-ctjpeous oxide eutectic with one spot of massive copper; 

ETChLd with AMSlAcirPEROXIDE. FeOM SET SURFACE OF A SMALL UNTREATED 

INGOT. X 1000. 
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Fia. 18. — CoPPER-CUPEOUS oxide eutectic with spots of massive copper; 
ETCHED WITH AMMONIACAL PEROXIDE. SPECIMEN WAS REHEATED TO 800° C. FOR 

30 MIN. X 1000. 





H. B. PULSIFER 


727 


or parallel to the surface for each respective outline. Unit boundaries 
and spines of massive copper frequently interrupt the continuity of 
otherwise massive eutectic. 



Fig. 19.— Copper-cuprous oxide eutectic after hot-working; etched with 
AMMONIACAL PEROXIDE. X 1000. 

There is no evidence at hand to demonstrate conclusively the coales- 
cence of either oxide or copper component on a simple reheating of eutec- 
tiferous metal. Fig. 18 is of reheated stock and at 1000 diameters 
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magnification but offers little support for an opinion that reheating causes 
coalescence. The texture of the eutectic may be much coarser than in 
these prints, and with a coarse-grained eutectic it is perfectly plain that 



Fig. 20 .— Copper-cuprous oxide eutectic, cold-worked and reheated: etched 
WITH AMMONIACAL PEROXIDE. X 1000. 

the metal of the massive spines is continuous into the network of the 
eutectic copper. 
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Eutectiferous metal that has been hot-worked has new nucleus cells 
formed that crystallize without particular reference to the former eutectic 
masses. Fig. 19 demonstrates the latter point. This print, at 1000 
diameters magnification, shows clearly the borders of previous eutectic 
masses and also shows how the new units include massive and eutectic 
copper promiscuously. 



Fig. 21. — Edge of an annealed copper wire, 0.048-in. diameter, showing 
OXIDE granules FROM SET SURFACE OF WIRE BAR; ETCHED WITH AMMONIA.CAL PER- 
OXIDE. Oxide droplets occur sparingly in most other sections of wire. 
X 700. 

Metal that has been cold-worked and then reheated recrystallizes the 
same as hot-worked metal. Fig. 20 is from eutectiferous stock treated in 
the latter manner; again the previous eutectic borders are plain and the 
new cell boundaries cut through the eutectic fringes haphazardly. 
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The persistence of the eutectic, or set, surface of a wire bar through 
all the steps of hot rolling and cold drawing when metal is made into fine 
wires is one of the remarkable facts that only the microscope can detect. 
It has not been possible to study thoroughly the behavior of the set sur- 
face during wire-drawing operations, although it has been observed that 
the set section of the wire is frequently roughened and might be expected 
to be harder and flake more than other sides of the reduced wire-bar 
surface. Fig. 21, at 700 diameters magnification, shows the set edge of a 



Fig. 22. — Cold-drawn copper wire, 0.124-in. diameter, etched with 50-50 
NITRIC acid; longitudinal section. X 500. 


wire 0.048 in. in diameter; the edge of the wire is roughened and this 
entire area is peppered with droplets of oxide from the original set surface 
of the wire bar. In a wire of this size, one or more sectors will contain 
oxide from the set surface of the wire bar, while most of the remainder of 
the periphery of the wire will be smooth and with few oxide spots. Under 
1000 diameters and greater magnifications, the crystallites of cuprous 
oxide in wire appear like brilliant rubies set in a copper matrix. 
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Etching Reagents for Copper 


Ferric Chloride 

Ferric chloride solution acidified with hydrochloric acid attacks 
copper slowly and reveals the large dendritic units in a satisfactory way. 



Fia. 23 . — Hot-rolled copper bar; etched with ammoniacal peroxide. Slightly 
REPOLISHED to GIVE SMOOTH CELL SURFACES. X 500. 


Fig. 1 was etched with ferric chloride and demonstrates how useful the 
reagent can be. For the finer structures, however, it is preferable to use 
some other reagent than ferric chloride because of its promiscuous attack 
and lack of selective erosion of the fine-structure. 
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Nitric Acid 

Nitric acid in 50 per cent, solution does not dissolve copper so rapidly 
but that a good deal of texture can be revealed by its judicious use. 
Fig. 22, at 500 diameters magnification, is a longitudinal section through 
a cold-drawn wire; the texture of the metal comes out in passable form 
but the surface is marred by etch pits. The excessive solution of some 



Fig. 24. — Hot-rolled copper rod; etched with ammoniac al peroxide and 
NITRIC ACID. Cells are highly colored by attack on ultimate laminations of 
CELLS. X 1200. 

parts of the structure, giving large cavities, is the greatest defect of the 
nitric acid. It is on this account that nitric acid is not an acceptable 
reagent. There is a great difference in the effect of used and fresh solu- 
tion. Fresh nitric acid reveals cell borders and granules sharply; used or 
partly saturated acid brings out the cell edges but rounds over the body 
of the cell without showing its fine laminations. 
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Ammoniacal Peroxide 

If a little concentrated (at least 3 per cent.) hydrogen peroxide is 
poured into a small beaker of concentrated ammonia solution, there is 
produced a reagent that etches copper in a truly remarkable way — the 
surface is dissolved fairly uniformly and regularly, cell boundaries come 



Fig. 25. — Hot-bolled copper bar; etched with ammoniacal peroxide and 

NITRIC acid. X 1500. 


out strongly and pitting is largely eliminated. The best results do not 
come with a timid use of the reagent but by rapidly agitating the speci- 
men, held with tongs, in the ammonia while peroxide is added at intervals 
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or let dribble to effervesce vigorously. The outer layers of flowed metal 
should be entirely dissolved away; a little rubbing on heaped tripoli on 
chamois by hand will help in giving relief to the cells and not make 
scratches that cannot be wholly eliminated by a final etching. Fig. 23, 
at 500 diameters, shows the effect of the peroxide etch and repolish on 
hot-rolled copper rod. Cell boundaries and twinnings are boldly etched 
and the surfaces of the cells are sufficiently colored and in relief without 



Fig. 26. — Cold-drawn copper wire, 0.074-in. diameter; etched with ammoniacal 
PEROXIDE AND NITRIC ACID; LONGITUDINAL SECTION. X 1500. 

prominent attack on the ultimate granules or throwing any partes out of 
focus. It will be noticed that pitting is very moderate. 

A considerable variety of effects can be produced by manipulation 
of the etching and repolishing. A longer attack with dilute solu- 
tions will luster etch, or color, the cells differentially according to the 
reflection from the granules. For the most contrasting coloring, the 
repolish should be minimized after the cells have been strongly delineated. 
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For uniform reflection from smoothed surfaces, the last treatment should 
be the repolish. Most of the structures represented in this paper were 
first outlined by the ammoniacal peroxide attack. 



Fig. 27. — Cold-drawn copper wire, 0.074-in. diameter; etched with ammo- 
niacal PEROXIDE AND NITRIC ACID. TRANSVERSE SECTION AT COPPER ELECTROPLATED 
SURFACE OF WIRE; LARGER DIVISION OF PRINT IS WIRE SECTION. X 1500. 

Concentrated Nitric Acid 

A section of copper smoothed and etched with ammoniacal peroxide 
to develop cell boundaries can be momentarily dipped in concentrated 
nitric acid and rinsed as quickly as possible, if it is desired to bring out the 
ultimate granules or laminations most prominently. The offsets of slip 
structure respond strikingly to this treatment. Fig. 24 is a section 
through hot-rolled copper rod at 1200 diameters magnification, as seep 
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after the double treatment. Deep-seated pitting results if an attempt 
is made to erode a surface chemically for cell boundaries with nitric acid 
instead of the ammoniacal peroxide, but a brief immersion in the concen- 
trated acid discloses the fine structure. Figs. 4, 5, 11, 12, 13 to 16, and 
25 to 27 show results obtained by the double treatment. 

Mechanics of Surfacing Copper 

The prints shown have been photographed from surfaces prepared 
by a method that departs radically from the academic practice. The 
rapidly rotating disk covered with a yielding fabric and the use of a thin 
suspension of polishing medium have been dispensed with. The work 
can be done more quickly and easily, flatter surfaces can be obtained, 
and less metal is dragged to cover deep scratches if mechanical smooth- 
ing is subordinated to chemical attack. Large surfaces unquestionably 
require considerable time for cutting, filing, and smoothing, but those no 
larger than 1 in. square should be prepared ready for photographing 
in a few minutes. Small specimens, like wire sections, can be embedded 
in a fusible alloy, so that twenty or forty pieces can be prepared as one 
specimen and almost as quickly after the placket is cast. 

Flat surfaces give superior optical results. A surface filed flat with 
a fine file can be perceptibly rounded by a few seconds contact with a 
fabric on a high-speed disk. Either the reflection of light or the contact 
with a steel rule quickly discloses a crowned surface. Files of varying 
coarseness are convenient for making flat surfaces, while with a metal as 
soft and yielding as copper it is well to finish with a broad fine file, over 
the wetted surface of which the specimen is carefully dragged in one 
direction only. A filed surface can quickly be made smooth enough for 
the first etching by a little rubbing on a well-used emery paper spread on 
plate glass. 

The surface can be also be smoothed by rubbing on the French emery 
papers Nos. 00, 000, or 0000 before the first etching or at any time 
subsequently. Wavy contours that result from the filing or too deep an 
etch are remedied by the use of the fine emery papers. The papers are 
only suitable for final stages of smoothing after they have had rough 
particles eliminated by use. The specimen is firmly held and pressed on 
the paper as it is rubbed to and fro; neither edge of the specimen should 
be given undue pressure so as to cause a rounding of the face. 

The mechanical smoothing can be continued by rubbing on stiff 
tripoli heaped on a chamois skin stretched over a board impregnated with 
paraffin. Tripoli that has remained suspended for six 1-min. intervals in 
a 2-liter jar is settled in a wide-mouthed bottle, nearly all the super- 
natant clear water is poured off, and the stiff sediment is used on the 
wetted chamois. When rubbing on the heaped tripoli, a layer of abra- 
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sive is always maintained over the skin so as to avoid scratches. The 
tripoli treatment is especially efficacious for repolishing after etching. 

To etch the mechanically smoothed surface, the specimen is held 
with the tongs just below the surface of some strong ammonia in a beaker 
and rapidly lowered and raised as the strongest peroxide is added in 
little dribbles or allowed to drop in continuously for about a minute. 
The chemical attack obviously takes place during the effervescence of 
the solution. 

The repolishing of the etched specimen is done by grasping the piece 
firmly and rubbing to and fro on a pile of the tripoli, which gradually 
flattens out under the firm pressure that should be maintained. The 
tripoli becomes greatly blackened by the metal debris. A strong delinea- 
tion of the structure requires that the etching and repolishing shall remove 
all of the mechanically flowed and smeared outer layers of the surface. 
This surface flowage was caused by the sawing and filing rather than 
by the rubbing on tripoli, for after the structure is well developed it is 
not damaged by the tripoli repolish so but that it reappears brightly 
after a little more etchng. Depending on the work in hand, the specimen 
may be etched and repolished until the contours are pleasing or bound- 
aries and granules are as striking as desired. 

This general method of finishing specimens has been described and the 
results on several metals illustrated elsewhere.^ In the case of copper, 
ammoniacal peroxide does the etching work to perfection, for it rapidly 
dissolves the scratched and flowed outer layers of metal to disclose 
boundaries, slip offsets and the homogeneity of the grains without making 
deep pits or ruining the optical plane of the surface. Proper repolishing 
will leave the nucleus cells plane and sharply outlined by grain borders, 
or a last dip in concentrated nitric acid will give each cell a chiseled 
surface by the development of the etch granules. 

Fig. 25 was prepared according to the method just described. The 
effect of bringing out the granules in each nucleus cell is to give strong 
contrast from cell to cell. The field is fairly large and uniformly in 
focus for a print at 1500 diameters. This method of etching has been 
severely criticised by competent metallographers, who say that detail 
is impossible to obtain. That objection can be answered by counting some 
of the finer lines in one of the cells where the laminations are at a steep 
angle; in one unit nine lines are visible in 3^^ in., a resolution of 54,000 
lines to the inch. A print made at 2500 diameters gives no finer resolu- 
tion and, because of the increased haziness of the lines and fewer cells, is 
less pleasing. 

Fig. 26 is taken from a longitudinal section through a cold-drawn 
wire magnified to 1500 diameters; it is one of a series of thirty sections 

2H. B. Pulsifer: ^‘Structural Metallography.” The Chemical Pub. Co., Easton, 
Pa. 1924. 

VOL. LXXIII. 17 , 
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embedded in fusible alloy, all being prepared at the same time. One 
of the sUpped units shows six offsets in in. — a resolution of 72,000 
lines to the inch. When a section of this sort of stock is etched in nitric 
acid, certain of the units are apparently entirely excavated to give great 
holes and disfigure the picture; the restrained but illuminating effect of 
the peroxide etch is very gratifying. Fig. 27 is a transverse section 
from one of a series of embedded wires. In order that the edges of the 
wires might be observed, the specimens were electroplated with copper 
before mounting. The electroplated edge is at the banded zone of the 
smaller section of the print, the two materials being separated by the 
black line caused by the etching. As the print is at 1500 diameters and 
granular metal is at the very edge of the black line, any vitreous metal on 


the surface of the wire is probably less than in. thick. 

For mounting wire sections, it is convenient to place longitudinal 
and transverse pieces in fusible alloy and then file down the placket 
until all wires are well exposed. As fusible alloy containing 50 per cent, 
bismuth melts below the boiling point of water and will cool farther in 
a few seconds after pouring, there is no danger of annealing even the 
most cold-worked stock. It is convenient to bend a short section of wire 
sharply at right angles against a piece of soft wood with pliers and then 
file the outside of the unsqueezed leg to a flat longitudinal surface. 
The area near the bend is not used. Notches are filed in the squeezed 
end of the wire and similar notches in one end of straight sections about 
3^^ in. long. The notches are to prevent subsequent movement of the 
wire in the mount; they fill with the mounting alloy and hold the wires 
from twisting or pushing back when the placket is filed or rubbed. A row 
of flattened pieces is closely laid on a bit of cardboard and each piece 
held down firmly with a pin pushed through so that its head pinches 
down on the wire. Wires may be laid so closely that only the thickness 
of the pin separates them; slightly wider spacing is recommended so that 
the fusible metal can flow better about each wire. A hole is made at the 
end of each bent wire so that the straight section of the same size can be 
pushed through. The filed notches in the wires come about in. 
above the board. A length of flexible copper strip 3-^ in. wide is bent about 
the group of wires, held down firmly with tongs, and fusible alloy poured 
to a depth of about in. The cardboard can be moistened and pulled 
away from the pins and straight wires; the pins and wires are then cut 
short against the placket and the whole mount prepared as one speci- 
men. A placket of forty specimens can be finished ready for photo- 
graphing in two hours, or less, without hurrying. 

An etched copper surface tarnishes very rapidly. An etched surface 
can be dried by pressing the rinsed face against a compress of clean but 
long-used cotton or linen. Blowing the surface, or holding in front of a 
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small fan, dispel the last film of moisture quickly. Mounted specimens 
are more inconvenient than single massive ones, because a film of solu- 
tion gets in the crevices and gradually flows out and discolors the sections. 
Immersing in a mixture of equal parts of absolute alcohol and ether, 
before the pressing, will help considerably. If the oil-immersion objec- 
tive is to be used, the cedar oil should be spread over the surface the 
moment the placket is taken away from the current of drying air. 

The photomicrographs shown here were made with a Bausch & Lomb 
metallograph. The 2-mm. objective with oil immersion served for the 
higher powers. A Wratten filter, B-58, was used in front of the arc and 
commercial-ortho films recorded the image. Magnifications were 
determined with a micrometer scale, the graduations of which were 
measured on the ground glass of the camera. The prints were made on 
the several grades of Nova-Gas photographic paper supplied by Gaevert 
& Co. of New York. 


DISCUSSION 

J. S. Vanick, Bayonne, N. J. (written discussion). — Some 4 or 5 years 
ago, I was engaged in an attempt to resolve the inner structure or internal 
organization of the metallic grain and found the structural condition 
which Mr. Pulsifer describes here for Cu in iron, copper, brass, lead and 
possibly aluminum. The whole subject might be dismissed by calling 
the structures “etch figures’^ and letting it lay there, but one is struck 
with the amazing uniformity and symmetry with which a single grain may 
be resolved into smaller symmetrical units which show what I had called 
a block-plane assembly. This block-plane assembly may again be re- 
solved into unit blocks which I called crystal elements and element planes. 
Fig. 24 of Mr. Pulsifer ’s paper illustrates some of these patterns; the first 
in the strikingly uniform frequency of the plane out-crops along the edges 
of the figure and the second in the regular periodicity of the smaller blocks 
into which the surface of such a plane seems to be divisible as is shown in 
the center of Fig. 24. The microscopic subdivision does not end there in 
all cases, but frequently will perform a further resolution of one of these 
blocks again into a finer set of bedding planes and a sequence of smaller 
notches. This usually brings us to the end of the resolving power of the 
microscope and we have gone to less than half of the resolving power of 
the X-ray and made two resolutions. In a hypothetical layout of the 
organization of a grain, I had carried the subdivision four stages further 
which ended the partitioning at the atom and provided for: the atomic 
unit or lattice constant for metals on a single simple lattice ; combinations 
of two or more atomic units assembled on a compound lattice, and con- 
version of the latter into a symmetrical crystal form. It did not sub- 
divide the atom, which, as Dr. Foote showed in his lectures, is capable of 
division into three or four additional energy levels. 
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As I said before, the entire subject may be dismissed as ''etch figure'' 
phenomena and it may be admitted that the polyhedral grain which the 
low powers of the microscope reveal, is composed of the planes of atoms 
which the X-ray develops; but the etch-figure study leaves you conscious 
of the existence of these block planes and blocks and finer planes with 
their notches all exhibiting a successively finer subdivision, each sub- 
division possessing an individual periodicity which suggests successive 
stages in the development of that grain. Stead in 1898 revealed 
the block-assembly in silico-ferrite grains in a macroscopic degree, and 
finer subdivisions of such blocks may be resolved into their bedding planes 
by microscopic methods. The striking periodicity of the planes and 
blocks in the etch-figure patterns seems to require the grain-organization 
explanation which Mr. Pulsifer mentions, and which I have elaborated. 
The X-ray picture of a grain places the atoms in planes, in an ideal spac- 
ing too fine to resolve microscopically, but in supporting this grain parti- 
tioning I feel consoled to think that the extremely high resolving power of 
the X-ray was too fine to register these coarser-dimensioned features. 

A patient study of the periodicity of planes and blocks in etching 
figures would doubtless throw more light on stress-flow and stress-distri- 
bution in grains of worked metals, upon solidification phenomena in cast 
metals and upon cleavage, slip, etc., in grains. 

H. B. Pulsifer (written repl}^ to discussion). — As Mr. Vanick 
intimates, all metals probably have the fine, block-crystal structure which 
I call the granules. In my test, mentioned in the paper, there are prints 
that indicate the granules of copper, iron, aluminum, tin, lead, bismuth 
and germanium. These units appear to be the finest visible structural 
elements in metals, not because of the lack of resolving power in current 
metallurgical microscopes, but because the etching reagent has not 
differentiated finer divisions. 

The dendritic boundaries of metals are the easiest structural divisions 
to outline because impurities are usually concentrated along them and 
because the granules of neighboring units are differently oriented. The 
nucleus-cell boundaries likewise disclose themselves readily because of 
the different orientations of the granules in each neighboring cell. The 
metal in the zone between two cells also dissolves preferentially before the 
main internal section is appreciably attacked. An etching reagent that 
will uniformly attack and disclose the ranks of the ultimate granules must 
have a selectiveness and delicacy exceeding that demanded of most com- 
mercial etching mediums. It is the fortunate combination of the two 
reagents that has made the delineation of the structure of copper so suc- 
cessful: the peroxide etch dissolves off the outer layers of poorly crystal- 
lized metal and leaves the surfaces of the cells fairly smooth; the nitric 
acid then attacks the surfaces just enough to bring into relief the ranks of 
granules. Nitric acid is a poor reagent for dissolving off the scratched 
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and glassy surfaces of the cells and the perioxide is very poorly selective 
for revealing the ranks of granules. To disclose another and a finer order 
of units in the granules of copper it would appear plausible that some 
other and more delicate reagent would be necessary. Mr. Vanick does 
not state what reagents he uses to reveal the sub-granules. 

Now that we have a slip-interference theory to account for some of 
the elements of hardness, strength and plasticity in metals previous specu- 
lations become strikingly inadequate and vacuous. There is yet very 
much to be cleared up in regard to the properties of metals. If micro- 
scopical units of different orders of magnitude exist in the nucleus-cells, 
as Mr. Vanick and I are in accord upon, then whatever can be learned 
about the smaller units will have bearing on the mass properties of metals. 
Surprisingly good work is being done with magnifications up to 9000 diam- 
eters and if the technique of surfacing and developing structure can be 
made to keep pace there is a wealth of knowledge to reward the skillful 
and patient metallographer. 

F. W. Harris, Baltimore, Md. — The use of strong etchants in prepar- 
ing copper for the microscope is valuable in some ways and not in others. 
Its chief value is in developing macrostructures and in developing struc- 
tures of extremely cold-worked metal, but for viewing the more delicate 
traceries of fine eutectics and impurities in grain borders, I think a lighter 
and more easily controlled form of etching is advisable. 

The etching which we have developed at Baltimore and which has 
given very good results indeed is a 50-50 mixture of per cent, ammon- 
ium persulfate solution and 50 per cent, ammonium hydroxide solution, 
used as a polish-attack by rubbing the specimen on a white felt cloth or 
leather chamois with finely levigated cream of alumina and applying the 
etching as solution as the specimen is rubbed. 

Mr. Pulsifer states in his paper ''there is no evidence at hand 
to demonstrate conclusively the coalescence of either oxide or copper 
component on a simple reheating of eutectiferous metal,’' and he shows 
Fig. 18 to be of reheated stock of 1000 diameters magnification, which 
offers little support for an opinion that reheating causes coalescence. Our 
experience has been to the contrary. We have very good evidence that 
heating copper at 900° C. will produce coalescence very rapidly. 

H. B. Pulsifer (written discussion). — Inspection of a good many 
reheated wire bars, hot-rolled rods and wires drawn from heated and 
annealed copper shows cuprous oxide in units about the size of the parti- 
cles originally present in the eutectic of the ingots. This checks with the 
results of the experiments given in the paper. Of course, this does not 
preclude the possibility of the oxide coalescing under other conditions. 
It will be well worth while, both scientifically and industrially, to know 
just what the conditions are under which the oxide coalesces rapidly. 
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Symposium on Gas in Copper 


[A session of the Institute of Metals held during the February, 1926, meeting of 
the Institute, was devoted to a symposium on “gas” in copper. 8. Skowronski, Perth 
Amboy, N. J., was chairman. On the program were papers by T. 8. Fuller; W. H. 
Bassett and J. C. Bradley; 8usan B. Leiter, and W. II. Bassett and H. A. Bedworth. 
These papers follow the chairman’s introductory discussion.] 

S. Skowronski, Perth Amboy, N. J.— There are today two groups of 
metallurgists, one group who believe in oxygen-free copper and another 
group who believe that oxygen is absolutely essential in copper; not that 
the two groups disagree, but that a certain grade of work calls for 
oxygen-free copper, while another grade of work does not. 

I can sum up the problem by reading the abstract of an article by 
Frederick Johnson of Great Britain in The Metal Industry of Sept. 4, 1925. 

Few, who have watched the trend of things during the last two decades, can have 
failed to notice the steady growth of opposition to the prevalent use of copper in the 
“tough-pitch” condition, which for many ages enjoyed an unchallenged supremacy. 
Broadly speaking, there arc two schools of thought in the metallurgical world, one 
holding the view that copper containing a small proportion of oxygen is an eminently 
suitable material for users, the other expressing its preference, in no hesitating or 
uncertain manner, for copper from which oxygen has been removed by means of a 
deoxidizer. 

In the old days, before the advent of the converter and the electrolytic refining 
process, the copper of commerce was so impure that the presence of oxygen was 
imperative in order to neutralize the influence of impurities which militated against 
the hot-working properties of the metal. For electrical purposes, oxygen must be 
present, because sound bars and billets cannot be produced without it, except at the 
expense of electrical conductivity. For most engineering purposes, however, electro- 
deposited copper may be used either by itself or with the addition of alloying elements, 
e. g., arsenic and nickel, which experience has proved to be beneficial, such copper being 
freed from oxygen by the aid of a deoxidizer, e. g., phosphorus. 

8uch material has positive advantages over “tough-pitch” copper as at present 
produced from refinery furnaces. It has greater toughness and malleability, and is 
immune from the action of reducing gases at high temperatures, the destructive action 
of which, in the case of “tough-pitch” copper, is well known. 

The reasons why there has been no wholesale replacement of “tough-pitch” copper 
by deoxidized copper are commercial in nature; copper can be more economically 
melted in large-capacity furnaces which lend themselves to the poling process and are 
not so suitable for control of uniformity of action of deoxidizers as the smaller electric 
or crucible furnaces, whilst they are also more convenient for the production of very 
large castings. Moreover, the equipment of most large copper manufacturing plants 
is designed for casting “tough-pitch” copper in open moulds, e. g.y wire bars and cakes, 
and these could not be used for deoxidized copper, which must be cast in vertical 
moulds as in brass-shop practice. Further, there are still certain impure brands and 
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classes of copper that can most economically be treated for the production of “tough- 
pitch’’ copper by the poling process. It is these reasons, all associated with economy 
of production, which justify the continuance of production of “tough-pitch” copper. 

Relative to the amount of oxygen in copper, the article continues: 

Too much insistence cannot be placed on the necessity for obtaining this minimum, 
which should be below 0.05 per cent. Double this amount is often found, and, in view 
of recent progress in the metallurgy of copper, this should be regarded not only as 
avoidable, but as intolerable, in high-grade metal. 

Impurities such as lead, bismuth, antimony and sulphur necessitate the protective 
influence of oxygen, but such impurities should be in negligible amounts in high-grade 
copper. 
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Embrittlement of Copper by Hot Reducing Gases 

T. S. Fuller, Schenectady,* N. Y. 

(New York Meeting, February, 1926) 

Various phases of the embrittlement of solid copper contain- 
ing oxygen by the action of reducing gases at high temperatures 
are familiar to readers of metallurgical literature through the work of 
many experimenters. 

In 1900, Heyn^ recorded observations of copper being heated in 
hydrogen with the development of fine cracks, the result of the formation 
of steam within the metal through the action of hydrogen on the copper 
oxide usually found in copper. 

Archbutt,^ in 1905, published the results of experiments, showing 
that all oxygen can be removed from copper by heating to redness, for 
several hours, in hydrogen. Intercrystalline cracks and extreme brittle- 
ness developed. Archbutt attributed the brittleness to the reduction of 
oxides present in the copper. 

Bengough and Hill,'"^ in 1910, encountered the now well-known 
embrittlement at the outset of their investigation and stated in 
their paper: 

It soon became evident that the effect of any heat treatment depended largely 
on the presence or absence of reducing gases in the atmosphere of the furnace, as well 
as on its temperature. Hence it became necessary to adopt a somewhat elaborate 
scheme of heat treatment. 

The authors found embrittlement in separate experiments due to both 
hydrogen and carbon monoxide and concluded that: ^'The gases ruin the 
alloys after being heated to about 650° C. in their presence.'^ 

Ruder,^ in 1916, reported the results of a series of experiments made 
by heating commercial and deoxidized copper in hydrogen, carbon 
monoxide, carbon dioxide, and steam. In agreement with other writers, 
he found that copper containing oxygen was made brittle by reducing 
gases, while the deoxidized metal remained unaffected. In the case of 


* Metallurgist, Research Laboratory, General Electric Co. 

1 E. Heyn: Zeitschrift des Vereins deutscher Ingenieure (1900) 14 , 16 . 

^L. Archbutt: Estimation of Oxygen in Copper. The Analyst (1905) 30 , 385. 
^ G. D. Bengough and B. P. Hill: The Properties and Constitution of Copper 
Arsenic Alloys. JnZ. Inst. Met. (1910) 3 , 34. 

^ W. E. Ruder: The Brittleness of Annealed Copper. Trans. Am. Electrochem. 
Soc. (1916) 29 , 515. 
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dry hydrogen, no brittleness could be discovered after heating samples 
to 400° C. for 2 hr. After 31 hr. at this temperature, however, a decided 
weakening had occurred. At 500° C. a decided embrittlement had taken 
place after heating for 2 hr. In the case of wet hydrogen, embrittlement 
did not take place until the metal had been heated to 600° C. In the case 
of carbon monoxide, brittleness was not observed until a temperature 
of 850° C. had been reached. 

Pilling,^ in 1918, in discussing the mechanism of the action during 
exposure to reducing gases, says: 

If hydrogen is physically soluble in solid copper at high temperatures, this gas 
would penetrate the metal, attack and reduce the grains of CuaO, with the formation 
of steam. After this reduction, the volume of the copper is but 60 per cent, of the 
volume of the CU 2 O from which it was reduced, thus leaving voids marking the site of 
the original oxide granules and approximating 40 per cent, of the space formerly 
occupied by them. 

If steam is physically less soluble in copper than hydrogen, it will accumulate in 
these pockets at a rate faster than it can dissolve in the copper and diffuse away, and 
the net result of the reaction would be the formation of a quantity of steam within 
the voids left by the CU 2 O and at considerable pressure. A rough calculation of the 
magnitude of the pressure possible at 800® C., assuming the steam to be completely 
insoluble in the copper, showed that 8000 to 9000 atmospheres would develop if there 
were no yielding in the copper. 

The rate of diffusion of hydrogen, steam, carbon monoxide and carbon dioxide 
through copper at 700° C. was measured and found to be; 


Gas Difb’usion Rate 

Hydrogen 1000 

Steam 65 

Carbon monoxide 17 

(Carbon dioxide 0 6 


It will be seen that hydrogen will diffuse into coi)per approximately 15 times as 
fast as water, formed by the reaction of hydrogen on CU 2 O, can diffuse out and, 
similarly, that carbon monoxide diffuses through copper abo\it 25 times faster than 
the carbon dioxide formed when it reduces the cuprous oxide. 

This result seems to confirm the above explanation, that the weakness experienced 
by copper containing disseminated oxide, after exposure to reducing gas at high 
temperatures, is due to the internal fractures produced by the expansive action of a 
gas wliicb is formed by the reduction of each oxide granule at a rate much faster than 
that at which it can dissolve in the copper and diffuse away. 

The work reported by Moore and Beckinsale® agrees with that of other 
investigators and in addition points out that copper containing as little 
as 0.026 per cent, oxygen is seriously embrittled by the hot reducing 
gases. ^^The lower the oxygen content, the higher is the temperature 
required to cause similar injury.^' 

^ The Action of Reducing Gases on Hot Solid Copper. Jnl. Franklin Inst. (1918) 

186 , 373. 

® H. Moore and S. Beckinsale: The Action of Reducing Gases on Heated Copper. 
Jnl. Inst. Met. (1921) 26 , 219. 
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The author/ in 1922, called attention to the extreme sensitiveness of 
the action of reducing atmospheres on heated copper and concluded 
as follows: 

The desirable mechanical properties of ordinary copper are completely destroyed 
on electrically heating to 800° C. in air for 1 hr. in an iron pipe filled with seas and — 
two substances which are not usually regarded as sources of reducing atmospheres. 

The writer has regarded the small amounts of carbon in the steel and small 
amounts of organic matter present on the sea sand as sources of this reduc- 
ing atmosphere. 

The ductility of the metal is destroyed by intergranular cracks which probably 
result from the formation, accumulation, and subsequent pressure of a gas resulting 
from the reaction of the reducing gas upon the oxide present in the copper. 

Oxygen-free copper is not affected by this treatment. 

If finely divided AI 2 O 3 be substituted for the sea sand, and a porcelain, electrolytic 
iron, or copper tube, for the iron pipe, the ordinary copper may be heated to 800° C., 
without damage. 

Ordinary copper becomes brittle when heated in a steel pipe packed with AI 2 O 3 ; 
or when heated in a porcelain tube packed with sea sand, unless the sand be first 
heated 4 hr. at 600° C., to remove organic matter. 

The purpose of the present paper is to report several instances of 
copper embrittlement, caused by hot reducing gases, that have come 
under the observation of the author and which may be correctly termed 
“factory troubles.” 

M ICROSTRUCTURE 

The structure of fully annealed copper that has been heated under 
non-reducing conditions is shown in Fig. 1. The “tight,” sharply 
defined, grain boundaries and square-corner grains of the cubic structure 
are characteristic of copper treated in this way. Fig. 2, on the other 
hand, is typical of copper heated to a high temperature under severely 
reducing conditions. The intergranular cracks and rounded grains are 
in direct contrast to the structure in Fig. 1. In the examples of brittle 
copper cited in this paper embrittlement had progressed to a marked 
degree. No samples showed the ductile structure of Fig. 1; on the other 
hand, none of the conditions described were as severe as those to which 
the sample having the structure shown in Fig. 2 was exposed, so that 
none of the examples showed as badly disintegrated structures. 

Rail Bonds and Soldering Irons 

Among the first cases of copper containing oxide being made brittle 
by the action of reducing gases to come to the writer’s attention were 
some rail bonds similar to the one shown in Fig. 3. In the process of 
manufacture, after preparing the cable section of the bond, the terminals 

^ T. S. Fuller: The Extreme Sensitiveness of the Action of Reducing Atmospheres 
upon Heated Copper. General Electric Review (1922) 25, 184. 
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were drop-forged on the ends at a red heat. Oil-fired furnaces of the 
muflae type were used for heating, and not infrequently the strands of the 
cable became extremely brittle. Observation showed that if the com- 
bustion of the furnace was so regulated that reducing conditions existed 
in the region occupied by the rail bonds, embrittlement occurred; but that 
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Fig. 1. — Commercial copper, 
ANNEALED. X 75. 


Fig. 2. — Commercial copper heated in 
HYDROGEN 2 HR. AT 850'' C. X 200. 


if oxidizing conditions predominated, no embrittlement took place. The 
remedy for this embrittlement was therefore obvious. 

Another example is the calorized electric soldering copper, or soldering 
iron as it is commonly called, shown in Fig. 3. In the calorizing process, 
the copper is heated in powdered aluminum in a hydrogen atmosphere 
for 2 hr. at a temperature of 800° C. ; this produces a diffusion of aluminum 



3.— Rail bond and calorized soldering copper. 


into the surface of the copper, forming a coat of aluminum bronze that is 
highly resistant to oxidation at high temperature. The long heating 
at the high temperature in hydrogen produced blisters and cracks which 
were highly undesirable; on the surface of the soldering irons, the difficulty 
was overcome by using copper free from oxide. 
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Water-cooled X-ray Anode 

Not all cases of copper embrittlement caused by reducing gases are 
as obvious as these just mentioned. The phenomenon was found to be 
the cause of very minute leaks in high-voltage, Coolidge x-my tubes, the 
successful operation of which depends on maintaining a very high vacuum, 
which of course can be accomplished only by the use of absolutely 
non-porous materials in the construction of the tube. Among the 
parts to be suspected and considered as possible sources of leaks was the 
water-cooled anode, shown in Fig. 4. The anode is made by casting 
copper in vacua against one side of a tungsten disk, and subsequently 
recessing the copper to receive a flat spiral of copper tubing A, 



Fig. 4. — Water-cooled anode for tiigh-voltage Coolidge X-ray tube. 

through which water flows when the tube is in operation. The spiral is 
then silver-soldered in place by heating in vacua by means of a high- 
frequency current. 

Microscopic examination of the copper tubing, at the points indicated 
by the arrows, showed the first stages of the characteristic intergranular 
embrittlement caused by reducing gases, resulting in a porosity sufficient 
to ruin the vacuum in the tube. The trouble was caused, during the 
soldering operation, by the reduction of the oxide in the copper by vapors 
from oil or other organic matter remaining on the anode parts after 
machining and was corrected by using tubing made from oxygen- 
free copper. 


Twenty-kilowatt Transmitting-tube Leads 

Brittle copper resulting from the action of hot reducing gases on metal 
containing oxide was found to be the cause of the difficulty that developed 
with the flexible leads used in the manufacture of pliotrons of 20-kw. 
capacity. Such a lead is made by silver-soldering a copper cable, made 
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of strands of wire 0.0045 in. in diameter, to a tungsten rod. Embrittle- 
ment occurred near the joint indicated by the arrow due to the reduction 
of oxide in the wire by the reducing gases of the flame which came in 
contact with the wire during the soldering operation. The trouble has 
been overcome by first annealing the copper cable, as described by 
Miss Leiter.® Such an annealing serves to agglomerate the cuprous oxide 
present in such a way that the copper is not embrittled by hot reduc- 
ing gases. 

Leads for 250-watt Transmitting Tubes 

Trouble similar to that just described was found in the leads for 
U. V. 204 vacuum tubes. In the manufacture of these leads, one end of 
the composite copper-nickcl-steel wire is electrically welded in an atmos- 
phere of hydrogen to a tungsten wire, and the other end is welded to a 
copper cable. Embrittlement of the cable was noticed near the latter 
joint; it was caused during the welding operation by the reduction of 
cuprous oxide by hydrogen. 


Enameled Wire 

Perhaps one of the most unexpected cases of embrittlement occurred 
in fine copper wire during an enameling process. Wire 0.003 in. in 
diameter is regularly passed through an enamel bath, at the rate of 125 ft. 
per min., and then into a 48-in. furnace held at a temperature of 430° C. 
The wire is ordinarily given five coats of enamel, being passed through 
the furnace after each coat. The reducing conditions, due to the vapor 
of the enamel solvent and the decomposition of the enamel base, that 
prevail in the furnace, produced a brittle wire. Under the microscope, 
a section showed clearly the condition resulting from reducing atmos- 
pheres at high temperatures. The embrittlement in this instance has 
been overcome by removing the reducing atmosphere surrounding the 
wire by drawing air through the furnace. 

Flexible Shunts for Contactors 

An additional example involving embrittlement has been found in 
flexible shunts for contactors. The shunts are made of flat, braided 
cable, the individual strands of which consist of copper wires 0.004 in. 
in diameter. During the process of manufacture, the shunts often lie in 
the shop for some time, when they become tarnished by atmospheric 
corrosion. It was suggested that after being tarnished the shunts might 
be brightened quickly and efficiently by heating in a hydrogen atmos- 

® Susan B. Leiter: The Annealing of Commercial Copper to Prevent Embrittle- 
ment by Reducing Gases. Issued as Paper No. 1523E, with Mining and Metal- 
lurgy, February, 1926. 
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phere. This was done at different temperatures and for different lengths 
of time, with very unsatisfactory results, because all sets of conditions 
that '' cleaned up'' the surface of the cable produced embrittlement, and 
all sets of conditions that left the wire mechanically strong and ductile 
failed to brighten the surface. An alkali method of cleaning was later 
found to give satisfactory results. 

Conclusion 

Realizing that the problems associated with copper embrittlement 
due to hot reducing gases are diverse and that the results cannot always 
be as easily explained as one might suppose, the author has endeavored 
to contribute helpful facts by describing examples of embrittlement that 
have occurred during the manufacture of a variety of devices. The 
subject of embrittlement due to reducing gases must be of interest alike 
to producers and fabricators and must be taken into account by every 
one who has occasion to apply heat to copper. 

DISCUSSION 

H. S. Rawdon, Washington, D. C. (written discussion). — A helpful 
way of looking at this problem, at least from the viewpoint of the struc- 
tural change involved, is to consider it as a specific case of the more 
general problem of intercrystalline brittleness of metals. It is well 
established that the normal fracture of the common metals broken in 
tension at ordinary temperature is transcrystalline in character; at elevated 
temperatures, however, the fracture of the same metals broken in a 
similar manner tends to be intcrcrystalline. In other words, this char- 
acteristic behavior of metals indicates that the ‘‘bond" holding the 
grains together is, at elevated temperatures, weaker than the “bond" 
existing throughout any individual grain and holding it together. The 
temperature which must be employed to develop this structural feature 
varies, of course, with the metal tested. 

It should not be surprising therefore, that, if the intcrcrystalline 
“bond" is still further weakened, the metal will show intercrystalline 
brittleness, and that this brittleness may persist in the metal after it has 
been cooled to room temperature depending upon the severity of the 
weakening of the bond. This weakening of the intercrystalline “bond" 
may be brought about in a variety of ways. In the case of the metal 
under discussion, copper, the pressure resulting from the formation of 
gas throughout the interior is an adequate and sufficient explanation 
of the change which results in the properties of the metal. Further, it 
would seem reasonable to expect, that, for a maximum embrittling effect, 
the chemical constituent (cuprous oxide) which by its reaction with the 
reducing atmosphere in the annealing furnace gives rise to the gases which 
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cause the trouble, should be localized along the grain boundaries and 
disseminated as completely as possible. A given amount of oxide 
distributed in this manner ought to give rise to a much higher degree of 
brittleness than a similar amount occurring in the form of much fewer but 
larger particles. The results presented by Miss Leiter have ably demon- 
strated that this is so. 




Fig. 6 . — Intebcrystalline brittleness shown by nickel when stressed in 
TENSION AT 900° C. a, External appearance of wires used. X5. b , Longi- 
tudinal section through the fractured end. XlOO REDUCED TO X50. 

During the past few years, considerable attention has been given at 
the Bureau of Standards to the problem of inter crystalline brittleness of 
metals. Reference to a few random examples, illustrating this property 
of metals may be of interest and will serve to illustrate the point that the 
embrittlement of copper is best to be regarded as a specific case of the 
more general problem. 

The Bureau was asked to explain why a wrought iron bar used as a 
stirring rod in a crucible of molten copper became very brittle. Fig. 5 
gives the data which furnished the answer. A rod of the iron simply 
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immersed in molten copper suffered no deterioration other than the loss 
of a little metal from the surface by solution in the copper. A similar 
rod, stressed by bending, while immersed in the molten copper became 
brittle. As shown in Fig. 5, the molten copper penetrated into the 
interior of the bar along an intercrystalline path. The intercrystalline 
‘bond,’ already weakened by the high temperature, was further weakened 
by the applied stress. This readily made possible the intercrystalline 
attack and penetration of the iron by the molten copper. 

Oxidation at high temperatures, in some metals, shows a tendency, 
at least in the initial stage, to follow an intercrystalline path. This is 
particularly true for nickel. If the strength of intercrystalline “bond” 
is somewhat lowered by applying a tensile stress, to the heated specimen. 



FiCJ. 7.— -LitJHT ALUMINUM ALLOY SHEET SHOWING EMBRITTLEMENT BY INTER- 
CRYSTALLINE CORROSION. X250. Etchant, 10 per cent, sodium hydroxide. 
The micrograph shows an entire section through the sheet. 


the oxidation proceeds readily along an intercrystalline course and the 
metal breaks with the fracture typical of intercrystalline brittleness as is 
shown in Fig. 6. 

Some metals and alloys show, even at ordinary temperatures, a 
tendency toward intercrystalline oxidation (corrosion). Fig. 7 illus- 
trates this in a thin sheet of one of the light aluminum alloys. Instead of 
the atmospheric corrosive attack being distributed fairly uniformly over 
the corroded surface, it was localized and penetrated the interior of the 
sheet along an intercrystalline course. It is evident that the mechanical 
properties of the sheet would be affected much more seriously by this type 
of corrosive attack than by the same degree of corrosion spread uniformly 
over the surface. Actually, a tension test of this material will show that 
the ductility of the sheet is very low indeed, as compared to the same 
material in the uncorroded condition. 
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Although these three examples may seem quite unrelated to one 
another and to the case under discussion, they are alike in that they all 
illustrate a fundamental characteristic of metals, a knowledge of which 
must be assumed in any discussion of any specific case of inter crystalline 
brittleness of metals. 

[Note. — The first two papers on the program of the symposium on ‘^gas” in copper 
were read before the chairman called for discussion. On this account the discussion 
from the floor on Mr. Fuller’s paper is presented on page 772.] 
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Action of Reducing Gases on Heated Copper 

By W. H. Bassett* and J. C. Bradley, f Waterbxjry, Conn. 

(New York Meeting, February, 1926 ) 

In considering the effects of reducing gases on hoi solid copper the following conclusions 
have been reached. (1) Depth of deoxidation of copper heated in reducing gas is greater 
the smaller the amount of cuprous oxide originally present in the copper, the range studied 
being from 0.015 to 0.136 per cent, oxygen. It is suggested that the reason for this differ- 
ence in depth of deoxidation is that, when the copper is low in cuprous oxide, the reducing 
gas is diluted less by the gas that is formed in the reaction than when the copper is high in 
cuprous oxide; and the greater the concentration of the reducing gas the deeper the deoxida- 
tion. (2) The rate of deoxidation is much more rapid at the beginning of exposure than 
at the end, a condition especially noticeable at temperatures around 900° C.; that is, 
deoxidation is retarded as the depth penetrated by the reducing gas increases. (3) Within 
the accuracy of the experiments arsenic in copper up to 0.5 per cent, has no tendency to 
increase or decrease the action of a reducing gas on the cuprous oxide present in the copper. 


In 1912 pieces of 0.365-in. hard copper rod in. long were heated in 
a porcelain tube in an electric furnace, while illuminating gas was passed 
through. An approximate analysis of this gas is: 



Minulcs Exposure tolllumina+mg Oas 


Fig. 1. — Effect of time and temperature on deoxidation rate of 0.365-in. 

COPPER BY illuminating GAS; copper plus silver, 99.983 PER cent. 

Hydrogen 38 per cent., carbon monoxide 30 per cent., illuminants 13 
per cent., methane 10 per cent., ethane 3 per cent., carbon dioxide 3 
per cent., nitrogen 2 per cent., oxygen 0.4 per cent. After heating for 
various lengths of time at various temperatures, samples were quenched 


* Technical Superintendent and Metallurgist, The American Brass Co. 
t The American Brass Co. 
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in water, cut in two, crosswise, polished and etched, and put under the 
microscope. The line of demarkation between the skin of deoxidized 
copper and the unchanged core was easily seen. Two kinds of copper 
were used, one, electrolytic, of high purity, 99.983 per cent, copper plus 
silver; the other. Lake copper, of considerably lower purity, 99.849 per 
cent, copper plus silver. Tables 1 and 2 and Fig. 1 show the data 
obtained. 


Table 1. — Deoxidation of 0.365-m. Diameter Copper hij Illuminating 

Gas 



Per Cent. 
Copper 
+ Silver 

Time of Exposure to Gas, Minutes 

Heated 

at°C. 

A* 

1 

3 1 

7 1 

15 

30 

60 1 

120 

240 


Depth of Deoxidation, in Inches 

550 

550 

99.983 

99.849 






0 000 

0 000 

0 002 

0 000 

0 012 
0 004 

0 016 
0 005 

650 

650 

99 983 
99 849 


1 


0 004 

0 000 

0 004 

0 002 

0 017 
0.010 

0 024 

0 011 



750 

750 

99 983 
99 849 



0 008 

0 004 

0 018 

0 006 

0 025 
0.012 

0.035 

0 020 

0 069 

0 054 



850 

850 

99.983 
99 849 


0 010 
0 006 

0 020 

0 012 

0 028 

0 028 

0 046 

0 032 

0 052 

0 042 

0 080 

0 058 



950 

950 

99 983 
99 840 

0 012 
0 008 

0 024 
0.016 

0 032 

0 019 

0 039 

0 025 

0 067 

0 033 

0 097 
0.048 

0 176 

0 ()6() 




* Short time needed to bring temperature to 950° C. 


Table 2. — Effect of Time and Temperature on Rate of Deoxidation of 
0.365-m. Copper by Illuminating Gas 



Per Cent 
Copper 
+ Silver 



Time of Exposure to Gas, 

Minutes 



Heated 
at ° C 

1 

3 

7 

15 1 

30 

60 1 

120 

240 



Rate of Deoxidation, 

in Inches per Minute 


550 

650 

99 983 
99.849 





0 0000 

0 0000 

0 00003 
0.0000 

0 00010 
0 , 00003 

0 00007 
0 00002 

650 

650 

99 983 

99 849 



0 0006 

0 0000 

0 0003 

0 0001 

0 0006 
0.0003 

0 0004 
0.0002 



750 

750 

99.983 

99.849 


0 0027 

0 0013 

0 0026 
0.0009 

0 0017 
0.0008 

0.0012 

0.0007 

0.0011 

0.0009 



850 

850 

99.983 

99.849 

0 010 
0.006 

0 0067 
0.0040 

0.0040 

0.0040 

0.0031 

0.0021 

0 0017 

0 0014 

0.0013 

0 0010 



950 

950 

99.983 

99.849 

0 024 
0.016 

0.0107 

0.0063 

0 0056 
0.0036 

0 0045 
0.0022 

0.0032 

0.0016 

0.0029 

0.0011 
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The data indicate that the rate of deoxidation is very rapid during 
the early stages of exposure to reducing gases but decreases as time and 
depth of deoxidation increase. Further, the high purity copper was 
deoxidized to a greater depth in a given time at a given temperature 
than the low purity copper. 

Other data, obtained in 1912, were on ten samples of various purities 
of 0.365-in. diameter copper rod; these were heated for hr. at 750° C. 
in illuminating gas as before. The results are shown in Table 3. All, 


Table 3 . — Effect of Purity of 0.365-m. Diameter Copper on Deoxidation 
in Illuminating Gas, at 750° C. 


Mark ! 

1 

Copper and Silver, Per Cent j 

Depth of Deoxidation, Inch 

4 

90 983 

0 043 

10 

99 975 

0 043 

5 

9!). 9(59 

0.043 

9 

99 9G4 

0 043 

G 

99 908 

0 047 

8 

99 849 

0 047 

7 

99 895 

0 055 

2 

99 891 

0 059 

1 

99 907 

0 0G3 

3 

99 855 

0 0G7 


except 8 and 3, were electrolytic copper. Oxygen analyses were not made, 
but the 99.983 per cent, material would carry around 0.015 per cent, 
oxygen, while the low purity copper might be expected to have about 
five times this amount. 

Tables 4 and 5 give more data on the 0.365-in. copper rods. Samples 
3 and 4 were originally 2] 2 F. & S. numbers hard; 8 and 10, 1 B. & S. 
numbers hard. Some were annealed 1 hr. at 850° C. in a non-reducing 
atmosphere prior to treatment. For the tests samples in. long were 
heated in a copper tube while passing in illuminating gas; they were 
water quenched. Some of the deeply deoxidized specimens were badly 
shattered. 

The data of Table 4 indicate, as might be expected, that there is no 
difference in the amount of deoxidation whether samples were previously 
hard or soft, as heating in the reducing atmosphere anneals the hard sam- 
ples and brings them to the same state as those that were already soft. 
On the other hand, within the accuracy of the experiment, there is no 
indication of any material difference in deoxidation whether the samples 
were high or low in oxygen content. Further evidence on this matter 
will be given later. Table 5 shows again the marked decrease in rate 
of deoxidation as time of exposure to gas, and depth of deoxidation 
increase. 
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Table 4 . — Hard and Soft 0.365-m. Diameter Copper Heated in Illumi- 
nating Gas and Quenched 


Temperature, 

Mark 

P^r Cent. 

Temper 

Time of Exposure to Gas, Minutes 


Copper 
+ Silver 

15 1 30 1 60 1 120 


Depth of Deoxidation, Ins. 


550 

4 

99 983 

Soft 

Hard 



0 004 

0 004 

0 010 
0.004 


3 

99.975 

Soft 

Hard 



0 004 

0 004 

0 008 

0 008 


10 

99.855 

Soft 

Hard 



0 004 

0 004 

0 012 

0 008 


8 

99.849 

Soft 

Hard 



0 004 

0 004 

0.006 

0.014 

650 

4 

99 983 

Soft 

Hard 

0 016 

0 012 

0 018 

0 012 

0 014 

0 014 



3 

99.975 

Soft 

Hard 

0 008 

0 012 

0 014 

0 012 

0 018 

0 020 



10 

99.855 

Soft 

Hard 

0 012 

0 0J2 

0 008 

0 014 

0 021 

0 016 



8 

99 849 

Soft 

Hard 

0 012 

0 008 

0 008 

0 010 

0 016 

0 020 


750 

4 

99.983 

Soft 

Hard 

0 033 

0 029 

0 024 

0 043 

0 047 

0 067 



3 

99.975 

Soft 

Hard 

0 026 

0 028 

0 035 
0.031 

0 075 

0 059 



10 

99 855 

Soft 

Hard 

0 041 

0 029 

0 028 

0 059 

0 067 

0 030 



8 

99.849 

Soft 

Hard 

0.033 

0 031 

0.037 

0.041 

0 063 

0 067 


850 

4 

99 983 

Soft 

Hard 

0 067 

0 055 

1 

0 073 
0.059 

0 071 

0 083 



3 

99.975 

Soft 

Hard 

0.055 j 
0.055 

0 063 

0 087 

0 086 

0 182 



10 

99.856 

Soft 

Hard 

0 063 
0.047 

0 075 

0 071 

0 087 
0.077 



8 

99.849 

Soft 

Hard 

0 059 
0.051 

0.063 

0.043 

0 095 

0 075 


950 

4 

99.983 

Soft 

Hard 

0.083 

0.102 

0 182 
0.182 

0.182 

0.182 



3 

99.975 

Soft 

Hard 

0.098 

O.028 

0.182 

0.125 

0.182 

0.182 



10 

99.855 

Soft 

Hard 

Shattered 

0.043 

Shattered 

0.071 

Shattered 

0.182 



8 

99.849 

Soft 

0.067 

0.182 

Shattered 
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Table 5. — Deoxidation of Copper, Data Condensed from Table 4 


Temperature, 
° C. 


15 


Time of Exposure to Gas, Minutes 
30 I 60 


120 


Rate of Deoxidation, Inches per Minute 


550 



0.0001 

650 

0.0008 

0.0008 

0.0003 

750 

0.0021 

0.0013 

0.0009 

850 

0.0038 

0.0022 

0 0014 

950 

0.0049 

0 0049 

0.0030 


Effect of Amount of Oxygen on Deoxidation 

It has been thought that depth of deoxidation of copper was greater 
the larger the amount of oxygen;^ the data already presented in the 
present paper has been inconclusive on this point. L. P. Webert, in The 
American Brass Co. Laboratory, has done some work indicating that the 
opposite is true; and more recently we have confirmed this — that copper 
with low oxygen content is deoxidized more deeply than copper with 
higher oxygen content, time, temperature, and kind of gas being identical. 
Webert showed this in two experiments. 

In one case, hot-rolled copper was used. This had an elliptic cross- 
section with 3^ and The cuprous oxide was more concen- 

trated in that portion which corresponded to the set of the wire bar 
than elsewhere. Pieces 2 in. long were exposed to reducing gases, for 
1 hr., at 840-900° C. Depth of deoxidation was determined under the 
microscope to be greater where oxygen was low than where the oxygen 
content was higher. At places where the cuprous oxide was distributed, 
as in Fig. 2, the depth of deoxidation averaged 0.068 in.; while where the 
cuprous oxide particles were more numerous, as in Fig. 3, the average 
depth of deoxidation was only 0.038 in. These photomicrographs show 
the samples unetched; the black dots represent the cuprous-oxide 
particles. 

The copper-silver content of the wire bars tested was 99.942 and 
99.954 per cent. In one case, the gas used analyzed 17.1 per cent, 
hydrogen, 15.0 per cent, carbon monoxide, and 6.1 per cent, carbon 
dioxide; in another, it was 26.2 per cent, hydrogen, 19.5 per cent, carbon 
monoxide, and 4.7 per cent, carbon dioxide. The depth of deoxidation 
was slightly less in these particular cases, when the copper was exposed 
to the apparently more reducing gas. 

1 Norman B. Pilling: Action of Reducing Gases on Hot Solid Copper. Trans. 
(1919) 60, 333. 

W. H. Bassett: Trans. (1919) 60, 337. 

Moore and Beckinsale: Jnl. Inst. Metals (1921) 26, 233. 
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coprER WAS 0.068 in. X 75; not 0.088 in. X 75; not etched. 

ETCHED. 



I 


Fig. 6. — Oxygen, 0.046 per cent. Fig. 7. — Oxygen, 0.073 per cent. 

Distribution of oxygen in 0.083-in. copper tubing. X 75; not etched. 





W. H. BASSETT AND J. C. BRADLEY 


761 


In another experiment, four copper tubes 1-in. outside diameter 
with an 0.083-in. wall were used. In each, the cuprous oxide was evenly 
distributed, as shown by Figs. 4, 5, 6, and 7. Analyses are given in Table 
6. The tubes selected formed a series varyihg in oxygen content. 
Treatments for 1 hr. were made in gases of various compositions at 
800-900° C. For each test four specimens, 2Yi in. long, of differing 
oxygen content, were stood in a row in a gas-fired furnace. At the same 
time specimens of arsenical sheet copper were exposed, the sheets and 
tubes being placed alternately, and so bolted together that the distance 
from specimen to specimen was never less than 3^^ in. Two small per- 
forated pipes distributed air and gas evenly behind a baffle plate in the 
furnace, so gases would be so thoroughly mixed and suitably deflected 
as to come as uniformly as possible in contact with all samples. For gas 
analyses during a given experiment, a sampling tube, also perforated, 
drew a constant stream of gases from the heating chamber. 


Table 6. — Analyses of Copper Tubes Used for Deoxidation Tests 


Sample Number . ..j 

5 

18 

3 

12 

Analysis Number , ; 

1 

88131 

90750 

88129 

88138 

Figure Number . . . ‘ 

4 

5 

6 

7 

Oxygen, per cent 

0 026 

0 033 

0 046 

0.073 

Chopper, per cent 

99 979 

99.931 

99.956 

99 893 

Silver, per cent ; 

0 OOOl 

0 0349 

0 0021 

0.0203 

Gold, per cent. . . 

0 00001 

0.0000 

0 00002 

Trace 

Arsenic, per cent . ' 

0 0011 

0.0033 

0.0007 

0.0056 

Antimony, per cent 1 

0 0006 

0.0002 

0.0010 

0.0002 

Lead, per cent. . . I 

0.0005 

0.0005 

0.0006 

0.0011 

Tin, per cent i 

0.0000 

0 0000 

0.0000 

0.0000 

Iron, per cent. . . 

0 0020 

0 0016 

0.0020 

0.0016 

Manganese, per cent 

0 0000 

0 0000 

0.0000 

0.0000 

Nickel, per cent 

0 0018 

0.0016 

0.0017 

0.0013 

Bismuth, per cent. I 

0.0000 

0.0000 

0.0000 

0.0000 

Zinc, per cent | 

0.0000 

0.0000 

0.0000 

0.0000 

Selenium and tellurium, per cent 

0 0000 

0.0000 

0.0001 

0.0000 

Sulfur, per cent 

0 0036 

0.0037 

0.0036 

0.0041 


The amount of reducing gases in the furnace was adjusted by a valve 
on the air pipe, the illuminating gas pipe being open all the time. When 
the reducing gases ran high in the furnace sufficient heat was not supplied 
to maintain the temperature at 800-900° C.; at such times additional 
heat was supplied on the outside of the muffie compartment of the fur- 
nace. When the reducing gases were low in amount, the muffle had to 
be cooled on the outside by a blast of air. The deoxidized area was 
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magnified 100 times and the distance between the inner edge of the tube 
section and the border of the unreduced oxide portion was measured on 
the ground glass of the microscope at four points around the circumfer- 
ence of the tube. Table 7 gives the data of these tests. 


Table 7. — Deoxidation of .083-m. Copper Tubing 


Temperature Range, ° C. 

Gas Analyses 

Deoxidation, 1 Hr. Exposure, 
Inches 

Test 

Min. 

1 

Max. 

H 

1 Per 

1 Cent. 

CO 

Per 

Cent. 

COt 

Per 

Cent 

1 

0 

Per 

Cent 

! No. 5 
Oxvgen 
0 026 
Per 
Cent. 

No. 18 
Oxygen 
0 033 
Per 
Cent. 

1 

No 3 
Oxygen 
0 046 
Per 
Cent 

[ 

No 12 
Oxvgen 
0 073 
Per 
Cent. 

1 

950 

980 

0.0 

i 

0 0 

11.7 

! 0.6 

1 

’ 0 000 

1 

0 000 

0 000 

0 000 

2 

860 

870 

3 7 

4 7 

10 8 

0.0 

: 0 034 

0 028 

0 026 

0 014 

3 

820 

840 

3.9 

5 4 

! 8 9 

0.0 

0 023 

0.014 j 


0 000 

4 

810 

820 

7.2 

8 5 

, 8.4 

0 0 

0 027 

0 017 

0.025 

0 018 

5 

820 

880 

8 1 

10.0 

j 7.8 

0 0 

! 0 039 

0 037 

0 025 

! 0 026 

6 

830 

900 

8 4 

10.4 

1 8 0 

0 0 

0 028 

0 032 

0.022 

0 017 

7 

865 

870 

11.3 

10.8 

6.9 

0.0 

0 041 

[ 0 031 

0 028 

0.024 

8 

820 

850 

11.7 

1 11. \5 

6.6 

0 0 

0 041 

0 031 

0 029 

0 024 

9 

820 

860 

17.3 

1 16.0 

6 0 

0.0 

0 042 

0 042 

0.042 

0 038 

10 

860 

900 

17.1 

15 0 

6 1 

0 0 

0.042 

1 0 042 

0 042 

0 042 


840 

890 

26 2 

19.5 

4 7 

0 0 

0 042 

0 042 

0 042 

0 042 




Average of Tests Nos. 2 to 8 






810 

900 ! 

' 

1 

8.8 

8.2 

' 0 0 

0 033 

1 

0 027 

0 026 

1 

0 018 


As the tubes were 0.083 in. in diameter, deoxidation given at 0.042 
in. means that the tubes were completely deoxidized, being exposed on 
both inside and outside. 

The Less the Oxygen the Deeper the Deoxidation 

By averaging results in the seven tests where hydrogen varies from 
3.7 to 11.7 per cent, and where deoxidation of tubes proceeded only part 
way through the samples, it was found that the copper with low oxygen 
is deoxidized more deeply than that with higher oxygen; i,e., in 1 hr., 
in gas carrying about 8 per cent, hydrogen, and at a temperature of about 
850°C., the depth of deoxidation of copper varied with the oxygen 
content as follows. 


Deoxidation, Inch 

0.033 

0.027 

0.026 

0.018 


Oxygen, Peb Cent. 
0.026 
0.033 
0.046 
0.073 
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To verify these findings, further work has been done when small 
portions of copper were used, ^ in. long, K in. wide, 0.052 to 0.084 in. 
thick. Some of these were from pieces of 1-in. 0. D. tubing, flattened, 
then filed and smoothed on emery cloth, while others were from cold- 
rolled sheet copper, also filed and smoothed on fine emery cloth, prior to 
heat treatment; one was cut from a firebox in. thick. A small hole 
was bored in one end of each sample so that they could be assembled on a 
bolt for microscopical examination of the deoxidized sections, because, 
held together, the edges of the sections would not be rounded when 
polished. 

For heat treatment, samples were tied together by fine copper wire 
so that all lay flat side by side and all the broad surfaces were equally 
exposed to the reducing gas. They were placed in the cold end of a %- 
in. I. D. fused-quartz tube 44 in. long, and commercial gas with 9 per cent, 
hydrogen and 91 per cent, nitrogen run through. The tube was placed 
in a 31-in. electric furnace. When at 700° C., the string of nine samples 
was pulled into the middle of the hot tube. The furnace was so large, 
compared with the size of the samples, that the temperature did not 
change appreciably and samples came up to heat very quickly. 

The samples were chosen with a wider variety of oxygen content than 
before. They were not arranged in the order of oxygen content when 
heated, but were mixed so high and low oxygen samples would be in close 
proximity, so as to decrease possible error due to entering gases striking 
one sample before another. When samples had been heated a certain 
length of time, the tube was removed from the furnace and cooled 
quickly with an electric fan, the reducing gas still passing. 


Analyses of by Samples 

The copper reported in Table 8 as carrying 0.004 per cent, oxygen 
was deoxidized with phosphorus when cast. Oxide was not present as 
CU 2 O, as determined by microscopical examination. No harm came to 
this copper in the presence of the reducing gases, while the others were 
rendered brittle to various depths, as revealed by the microscope. 
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Table 8. — Analyses of % by }irin. Copper Used in Experiment 


Analysis Number 

90726 

24 

6353 

1 i8131 

1 5 

88132 

6 

2561 

8 

88130 

4 

6356 

12 

91361 

0 

6087 

26 

Sheet 

Sample Number 

10 

From 

Tube 

Sheet 

Tube 

Tube 

Sheet 

Tube 

Sheet 

Fire- 

box 

Oxygen, per cent 

0 004 

0 015 

0 026 

0 044 

0 071 

0 077 

0 080 

0 090 

0.136 

Copper, per cent 

99 975 

99 953 

99 979 

99 949 

99 560 

99 926 

99 356 

99 404 

99 855 

Silver, per cent 

0 0024 

0 0242 

0 0001 

0 0005 

0 0948 

0 0027 

0 0225 

0 0828 

0 0005 

Gold, per cent 

0 00004 

0 00001 

0 00001 

0 00001 


0 00003 




Arsenic, per cent 

0 0001 

0 0025 

0 0011 

0 0001 

0 2691 

0 0001 

0 5361 

0 400 

0 0012 

Antimony, per cent 

0 0003 

0 0008 

0 0006 

0 0003 

0 0000 

0 0002 

0 0004 

0 0002 

0 0002 

Lead, per cent 

0 0007 

0 0008 

0 0005 

0 0003 

0 0011 

0 0009 

0 0023 

0 000 

0 0016 

Tin, per cent 

0 0000 


0 0000 

0 0000 


0 0000 1 




Iron, per cent. 

0 0057 

0 0025 

0 0020 

0 0019 

0 0003 

0 0022 

0 0008 

0 0013 

0 0015 

Manganese, per cent 

0 0005 


0 0000 

0 0000 


0 0000 




Nickel, per cent . 

0 0034 

0 0000 

0 0018 

0 0011 

0 0018 

0 0011 

0 0014 

0 0052 

0 0012 

Bismuth, per cent 

0 0000 


0 0000 

0 0000 


0 0000 


0 000 


Zinc, per cent 

0 0024 

trace 

0 0000 

0 0000 

0 0000 

0 0000 

0 0000 


0 0000 

Selenium and tellurium, per cent 

0 0000 


0 0000 

0 0000 


0 0000 


0 0008 

0 0000 

Sulfur, per cent ... 

0 0048 

0 0011 

0 0036 

0 0047 

0 0022 

0 0042 

0 0014 

0 0032 

0 0032 

Phosphorus, per cent 

0 0004 

j 

1 

1 








The quantity of hydrogen passed over the samples was 80 to 120 times 
more than the amount corresponding to the copper oxide reduced; data 
bearing on this point are shown in Table 9. 

Table 9. — Quantity of Hydrogen Used in Experunent on by fi-in. 


Copper Sa7nples 


Temperature, 

® C. 

Time of Run, 
Minutes 

9 Per Cent 
Hydrogen Used, 
Liters 

Weight of Hydro- 
gen Alone, Milli- 
grams 

Hydrogen Equiva- 
lent to Cu20 Re- 
duced, Milligrams 
(Approx ) 

700 

5 


12 

0 14 

700 

15 

5 

40 

0 34 

700 

25 


40 

0 50 


Table 10. — Deoxidation of % by Copper with Various Amounts of 


Oxygen {and Arsenic) 


Sample No. 

Per Cent 
Oxygen 

Per Cent. 
Arsenic 

Depth of Deoxidation of Copper Exposed to 9 Per 

1 Cent. Hydrogen (91 Per Cent Nitrogen) at 700° C. 

1 for Lengths of Time Noted, Inch 




5 Mm. 

15 Mm 

1 25 Mm. 

24 

0.004 

0 0001 




10 

0.015 

0.0025 

0 007 

0.017 

0.021 

5 

0 026 

0.0011 

0.006 

0.016 

0.024 

6 

0 044 

0 0001 

0.006 

0 017 

0.027 

8 

0.071 

0 2691 

0.005 

0.010 

0.015 

4 

0.077 

0.0001 

0.005 

0.013 

0.017 

12 

0.080 

0.5361 

0.007 

0.015 

0.020 

0 

0.090 

0.400 

0.004 

0.007 

0.011 

26 

0.136 

0.0012 

0.006 

0.011 

0 015 

Ave . 

0.060 


0.0056 

0.0133 

0.0187 
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Photomicrographs of samples heated for 25 min. are shown in Fig. 8. 
These are arranged according to original oxygen content and, in a general 
way, indicate decrease in depth of deoxidation as per cent, of oxygen 
increases. They also show the considerable variation in size and con- 
centration of cuprous-oxide particles present in the various coppers tested. 
The right-hand portions of the photomicrographs show the unreduced 
cuprous-oxide particles; the left-hand portions show depth of deoxidation 
and absence of cuprous oxide. Samples were not etched. 

The data of Table 10 have been plotted in Fig. 9. The points do 
not lie on a very regular curve, but it is thought that they bear out the 
previous findings and indicate again that for a given. time, temperature, 
and gas, the depth of deoxidation of copper is greater the smaller the 



Per Cen+ Oxygen in Samples Before Treoef-men-i- 

Fig. 9. — Effect of oxygen content on depth of deoxidation of copper exposed 

FOR VARIOUS LENGTHS OF TIME TO GAS WITH 9 PER CENT. HYDROGEN AT 700° C. 

amount of cuprous oxide originally present. The copper carrying as 
little as 0.015 per cent, oxygen, when bent double, had a characteristic 
brittle break. 

The more oxide there is present the more hydrogen is used in the reac- 
tion, and the less there is to penetrate further; in consequence, the depth 
of deoxidation is not as great. Furthermore, the penetration of hydrogen 
into the copper is increasingly hindered by the formation of steam, for 
steam does not diffuse through copper as fast as hydrogen,^ and therefore 
cannot get out as fast as it forms. Pilling has found® that the speed at 
which hydrogen diffuses into copper varies greatly with the external 
hydrogen concentration. There seems to be no reason why this should 
not apply to internal concentration of hydrogen in the copper; that is, 
the steam formed in the copper, and the exhaustion of hydrogen by 
reaction with cuprous oxide, decrease the hydrogen concentration, 
retarding its penetration and its further reduction of the oxide. 

* Norman B. Pilling. Trans, (1919) 60, 327. 

^ Jnl. Inst. Metals (1921) 25 , 255. 



W. H. BASSETT AND J. C. BRADLEY 


767 


Retardation of Rate of Deoxidation with Increase of Time 

That the reaction is slowed up as depth of deoxidation increases is 
shown by Table 11, which gives, in condensed form, data from Table 10; 
these figures show that the retardation of the rate of deoxidation, with 
increase of time of exposure to a reducing gas, is considerable. 

Table 11. — Retardation of Rate of Deoxidation with Time of Exposure 

Time of Exposure to 9 Per Cent i Depth of Deoxidation Average j Rate of Deoxidation, Inches per 
Hydrogen at 700° C., Minutes of 8 Samples from Table 10, Inch I Minute 

5 I 0.0056 0 00112 

15 0.0133 ! 0.00089 

25 0 0187 0 00075 

Similar data were given in Table 2 and plotted in Fig. 1, where it is 
shown that retardation of rate of deoxidation with time is much more 
pronounced at 950° C. than at 700°, the temperature of Table 11. 

Pilling^ noted not only that the rate of diffusion through copper varied 
enormously with the external hydrogen concentration but that the curve 
of variation consisted of two well-defined branches. His data indicate 
that, below 28 per cent, hydrogen concentration, the time of exposure 
was 1 hr., while at 48 per cent., the copper was exposed for only 30 min., 
and with 100 per cent, hydrogen for only 10 min. Probably the curve 
would have been a simple one if the time of exposure to the gases had been 
the same in all cases, for, as found above, the rate of deoxidation decreases 
as the time of exposure and depth of deoxidation increase. On the other 
hand, it would not be expected that the curve would be a straight line, 
because, as the external hydrogen concentration and depth of deoxida- 
tion increase, the effective internal hydrogen concentration lags coinci- 
dentally with the increasing concentration of water vapor. 

The foregoing may explain our findings that copper with low oxygen 
is deoxidized more deeply in hydrogen than copper with higher oxygen; 
for the amount of water vapor formed in the copper decreases with a 
decrease in oxygen content; and this small quantity of water vapor dilutes 
the incoming hydrogen less than the larger quantities of water vapor 
formed in copper with higher oxygen. 

Effect of Arsenic on Deoxidation of Copper 

Some arsenical coppers analyzed, as shown in Table 12, were exposed 
for 1 hr. to reducing gases at the same time as those shown in Table 7. 
All had been hot rolled to 0.183 in.; the first two were then cold rolled to 
0.050 in., and the last three to 0.083 in. 


< JnL, Inst, of Metals (1921) 26 , 255. 
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Fig. 10. — Arsenic, 0.044 per cent.; Fig. 11. — Arsenic, 0.044 per cent.; 

BEFORE GASSING, SHOWS CU 2 O. X 75; AFTER GASSING, CRACKED. X 75; ETCHED. 
NOT ETCHED. 



Fig. 12. — Arsenic, 0.079 per cent.; Fig. 13. — Arsenic, 0.079 per cent.; 
BEFORE GASSING, SHOWS CU 2 O. X 75; AFTER GASSING, CRACKED. X 75; ETCHED. 
NOT ETCHED. 



Fig. 14. — Arsenic, 0.100 per cent.; Fig. 15. — Arsenic, 0.100 per cent.; 
BEFORE GABBING, SHOWB CU 2 O. X 75; AFTER GABBING, CRACKED. X 75; ETCHED. 

vmm 'B'fiiriTlwn 
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Table 12. — Arsenical Copper Analyses 


Analysis 

Copper, Per Cent. 

Arsenic, Per Cent. 

Iron, Per Cent 

Oxygen, Per Cent, 
(estimated)® 



0 044 


0.025 



0 079 


0.025 

17621 

99 788 

0 100 

0 009 

0.030 

17622 

99 638 

0 281 

0 003 

0 030 

17623 

99 519 

0 413 

0 002 

0 00 


“ Estimated roughly by comparsion with photomicrographs of coppers of known 
oxygen content. 



Fig. 16. — Arsenic, U.261 per cent.; tio. 1/. — Arsenic, U.281 per cent.; 
BEFORE gassing, SHOWS CU 2 O. X 75; after gassing, cracked. X 75; etched. 
NOT etched. 



Fig. 18. — Arsenic, 0.413 per cent.; Fig. 19. — Arsenic, 0.413 per cent.; 
BEFORE GASSING, NO CU 2 O. X 75; NOT AFTER GASSING, NO CRACKS. X 75; 
ETCHED. ETCHED. 


Gassing of arsenical coppers. 
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The amount of oxygen present is indicated by Figs. 10, 12, 14, 16, and 
18 to be 0.025 to 0.030 per cent, in the first four samples, but nil in the 
fifth sample. Bending tests, microscopical examination, and Figs. 11, 13, 
15, 17, and 19, taken after exposure to the reducing gases, prove that all 
the metal had been badly embrittled, except the one with no oxygen. 

Other data on deoxidation of arsenical copper were included in Table 
10; complete chemical analyses were given in Table 8. For some 
unknown reason all three of these arsenical coppers were considerably off 
the curve of the coppers that carried practically no arsenic. The arsenic- 
bearing coppers are plotted at 0.071, 0.080, and 0.090 per cent, oxygen in 
Fig. 9. The 0.080 per cent, oxygen sample with 0.5361 per cent, arsenic, 
consistently, at 5, 15 and 25 min. exposure, deoxidized more rapidly 
than the non-arsenical coppers with nearly the same oxygen; the other 
two arsenical coppers, however, with 0.2691 and 0.400 per cent, arsenic 
consistently deoxidized less rapidly than the non-arsenical coppers with 
nearly the same oxygen content. Within the accuracy of our experi- 
ments, the arsenic itself has no tendency to either increase or decrease the 
action of reducing gases on the cuprous oxide that may be present in the 
copper. 


DISCUSSION 

C. S. Smith, Cambridge, Mass, (written discussion). — The action of 
reducing gases on copper containing oxygen is a matter of both scientific 
and. practical importance, and it is gratifying to see that it is at last 
receiving the attention that it deserves. 

It is unfortunate that the present paper only deals with the pene- 
tration of reducing gases into copper, for, although this may be greater 
in low-oxygen metal than in high, it is very probable that the violence 
of the action and the extent of the deterioration would be greater as the 
amount of oxygen increased — at all events at intermediate temperatures 
(about 650 to 850° C.). 

I have plotted the results given by the authors in the 60-min. column 
of Table 1 (see Fig. 20). This shows the relation between penetration 
and temperature, and indicates clearly that the relative difference in the 
depth of deoxidation is much greater at high temperatures than low. 
Both the curves show a slight submerged maximum at 750° C., but above 
this the high-oxygen curve remains practically horizontal, while the other 
indicates a rapid increase in penetration. If the sole reason for the 
difference in thickness of the deoxidized layers is the diffusion of the 
hydrogen and water vapor one would expect that both curves would be 
similar in form, and that both would rise rapidly and in a regular way with 
rising temperature. It is evident, therefore, that there is some action 
which takes place to a greater extent in the high oxygen copper, and 
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which tends to reduce the depth of deoxidation as the temperature 
increases. I have recently carried out tests on large samples of cast 
copper which bear this out conclusively. In one case the penetration at 
high temperature was only one-third of that at 800° C., and in every case 
a very marked maximum was found at this temperature if the oxygen 
content of the copper was reasonably high. Low oxygen did not show 
this phenomenon, and if high-oxygen copper were forged, the effect was 
very much reduced, the curves being similar to the lower one on Fig. 20. 

Mechanical tests on copper wire with about 0.03 per cent, oxygen have 
shown that metal which has been deoxidized completely at high temper- 
atures is much stronger and less brittle than that which has been treated 
at intermediate temperatures. There is undoubtedly some connection 
between this and the other unexpected high temperature effect, and I have 



500 600 700 800 900 1000 

Temperature, Degrees C. 


Fig. 20. — Curve showing the effect of temperature on the depth of 

PENETRATION OF REDUCING GAS INTO COPPER (PLOTTED FROM FIGUREv*^ GWEN BY 

Bassett and Bradley). 

been able to develop a theory which explains satisfactorily all the observed 
facts. I have also succeeded in completely restoring good properties to 
copper which had been ruined by gassing, making it very nearly as strong 
and ductile as it was before treatment. 

Owing to the fact that this work is being done in fulfillment of the 
requirements for an advanced degree at Massachusetts Institute of 
Technology, I regret that it is not possible for me to give further details 
at this time, but it is hoped that the work will be available for publication 
in the course of a few months. 

J. L. Christie, Bridgeport, Conn. — We should impress upon all users 
of copper that they should specify deoxidized copper when it is necessary. 
I had an experience with a batch of “tough-pitch^^ copper tubes bought 
in the open market. They were silver-soldered over steel rods swaged 
down, and finally drawn into copper-clad wire. The anneals between 
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draws were made in an atmosphere of hydrogen. The copper blistered 
and peeled from the steel during drawing. The cause of the trouble was 
simple. The concern had been using deoxidized copper, and when they 
bought some that had not been deoxidized they ran into difficulties. 

F. W. Harris, Baltimore, Md. — Mr. Fuller’s paper^ serves a very 
useful purpose to the manufacturer of copper products in illustrating 
how susceptible copper is to the pernicious influence of reducing gases in 
the annealing furnace. 

An interesting example which came to my notice recently was a 
piece of J'^-in. copper rod, rolled and drawn from electro-refined wire 
bar copper of normal oxygen content. The rod had been annealed, and 
in some unaccountable way had been badly gassed.” The gassing had 
caused severe embrittlement about halfway through the rod, leaving a 
normal ductile core, capable of withstanding an elongation of possibly 
50 per cent, of its original length without fracture. The outer shell, 
however, was so brittle that on attempting to bend the rod in the jaws of 
a vise it broke away clean, leaving a sharply demarcated line of cleavage 
between the core and the shell. 

As often happens in such cases, the producer of the wire bar was 
blamed for supplying faulty material, whereas it was obvious at once 
the faulty fabrication was to blame, and a little deeper inquiry on the 
manufacturer’s part would have shown that the trouble lay at his own 
door. 

Mr. Fuller’s examples, therefore, in showing the dangers involved in 
faulty treatment, help both manufacturer and producer alike. 

S. Skowronski, Perth Amboy, N. J. — Many of the complaints that 
the refineries receive on copper are due, undoubtedly, to the working of 
the copper in reducing gases. There have been cases where the copper 
annealing has produced blisters, and those blisters can generally be traced 
back to the metal having been heated in a reducing atmosphere, forming 
water vapor and causing blisters. If the refinery could produce oxygen- 
free copper or copper free from oxygen to a much greater degree than is 
the case today, it would help materially. But our cheap copper of today 
is dependent upon large-scale production. If oxygen-free copper is ever 
produced commercially, I do not believe it will be at the present price. 

N. B. Pilling, Bayonne, N. J. — Relative to the enameled wire that 
was going through Mr. Fuller’s furnace at 430"" C. : At that temperature 
you can take large sections of copper and expose them to hydrogen for a 
long time without injurious action. I am wondering what the condition 
is in his case that makes the action so extremely rapid. I know of a 

^ See page 744. The first two papers on the program of the symposium on *^gas^' 
in copper, were read before the chairman called for discussion. 
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bright annealing furnace for spooled copper wire which runs at 350 
or 375° C., with an atmosphere of natural gas previously cleaned by pass- 
ing through a cracking furnace. The wire remains in it a good many 
hours and comes out bright and entirely softened, yet with no indications 
of the development of brittleness. 

T. S. Fuller. — The factors, in addition to the reducing atmosphere, 
contributing to embrittlement are time, temperature and size of wire. 
Forty-eight hours in an atmosphere of hydrogen are required to produce 
appreciable embrittlement in 10 mil. wire at 300° C. Each 25 or 50° 
rise in temperature above that point cuts down markedly the time 
required for embrittlement. I do not think that there are any unusual 
conditions in the enamelling furnace. It so happens that 430° C. is 
a temperature sufficient to cause the embrittlement of a wire 0.003 in. 
in diameter in a reducing atmosphere in a very short time. 

What Mr. Rawdon says about the grain boundary effect is true, but 
it must be remembered that in addition, the position of the grain bound- 
aries change as evidenced by the photomicrographs comprising Figs. 1 
and 2 in my paper. 

In his written discussion Mr. Smith has mentioned that at very high 
temperatures he does not find the increased embrittlement which he 
would expect. The reason, I think, is because the fissures which are 
opened during embrittlement are healed again at very high temperatures 
by diffusion. 

W. C. Smith, Baltimore, Md. — In connection with some recent work, 
Mr. Harris has found he could coalesce the oxygen at from 1000° F. 
upward. The rate of coalescence was increased with the temperature. 

Micrographs show a rather peculiar thing: that as the temperature 
came up reasonably close to the melting point, the cuprous oxide and 
possibly cuprous sulfide on the grain borders were coalesced into aggre- 
gations, and at extremely high temperatures a series of blow holes or gas 
cavities developed. These can be traced in the micrographs to further 
enlargement. It seemed as though a reaction had taken place between 
CU 2 S and CU 2 C at temperatures below the melting point of copper. 

It is a little premature to make any definite statement relative to the 
effect of coalescing a bar at too hot a temperature. Such experiments 
as we have made indicate that the coalescence of the copper oxide into 
large globules, followed by rolling, will produce a structure which has 
rather large-banded masses of copper oxide, and, so far as we have gone, 
the tensile strength or the physical properties are lower than the copper 
would have been if it had not been coalesced. 

S. Skowronski. — Have you observed any cracking? 

W. C. Smith. — We do not know. 
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S. Skowronski.— Coalescing is simply the breaking up of eutectic, 
going back into primary copper and leaving the oxide behind. We are 
talking now on the coalescing of the eutectic on a wire bar or on a cake 
copper. 

Johnson published some work on coalescing in 1917 in the Proceedings 
of the Society of Chemical Industry and in the paper which I quoted at 
the beginning of the meeting, he speaks as follows on the subject of 
coalescing: 

The copper-cuprous oxide eutectic exists as sheaths around the crystals of copper 
and, although these sheaths become broken up by coalescence of cuprous oxide — 
resulting from annealing — and by mechanical treatment, the grains of cuprous oxide 
always remain, and their bad influence upon malleability increases with their number. 
Rolled sheet, drawn tube and wire, when examined under the microscope, often show 
parallel trains — erstwhile eutectic sheaths — of cuprous oxide globules, which have 
been elongated by the rolling or drawing operations. Thus, composite, oxide-rich 
bands alternate with bands relatively free from oxide. 

Cuprous oxide globules, whilst serving as germinative nuclei and promoting earlier 
recrystallization in their immediate neighborhood at the commencement when cold- 
worked copper is annealed, actually retard crystal growth subsequently. This retard- 
ation is less marked, the higher the state of aggregation of the oxide particles. The 
greater the number of annealing operations, the coarser become the oxide particles, 
and the more uniform becomes the crystal grain size in consequence. 

The importance of coalescence, as I see it, is that we know that minute 
traces of impurity affect our annealing. That has been brought out very 
forcibly this morning. But we do not know whether those same minute 
traces of impurities will affect coalescence. In other words, if you take 
two wire bars, side by side, of very minute difference in composition, one 
of those bars will coalesce to the cuprous oxide state much quicker than 
the other bar and will give different characteristics in rolling. 

C. H. Mathewson, New Haven, Conn. — We have made some exami- 
nations of samples of copper which, when rolled and polished for 
engravers’ plates, showed various surface defects. We did not get much 
further than to determine that those surface defects were very closely 
related to the distribution of oxide in the copper, and it seemed to us that 
in order to roll copper to produce a sheet which would not show surface 
defects when polished, it would be necessary to have the oxide very low 
and quite evenly distributed. 

I note that the authors of one of the previous papers state that the 
arsenical coppers are apparently ‘^gassed” as readily as the nonarsenical 
coppers. That is in conflict with evidence which I published some years 
ago in a paper in which comparisons were made between physical prop- 
erties, including comparisons between arsenical and electrolytic copper. 
We carried on some treatments in reducing gases, and it certainly 
appeared that the arsenical copper was more resistant to this form of 
deterioration. At that time I attributed this to the fact that the arsenical 
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copper shows its oxygen in the form of larger globules; in fact, the cast 
arsenical coppers do not, under ordinary circumstances, show anything 
that may be properly called eutectic. The arsenic causes the copper to 
coarsen, which undoubtedly must occasion a good many alterations in 
properties. 

I have no very well-defined ideas to what sort of variations in prop- 
erties one would expect where the particle size of the copper oxide varies 
as in this case. We are not dealing with the very minute particles which 
are known to be so effective in hardening metal. Doubtless for some 
purposes a small number of large oxide particles in copper is preferable 
to a large number of small particles, while in other cases the same amount 
of oxide in the form of smaller particles may be more acceptable. 
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Annealing of Commercial Copper to Prevent Embrittlement 

by Reducing Gases 

By Susan B. Leiter, Schenectady, N. Y. 

(New York Meeting, February, 1920) 

That oxygen in copper has been a source of trouble is well known 
and that that trouble has been real in the commercial world has been 
shown by Fuller.^ Moore and Beckinsale's paper^ at the annual meeting 
of the Institute of Metals in London, 1921, called forth considerable discus- 
sion. Prof. T. Turner expressed the opinion that it was not necessary to 
have cuprous oxide present in sufficiently large quantities to form either 
globules or seams in order to produce a bad effect if the copper were 
gassed. This brought up the question of the solubility of oxygen in 
copper and the authors desired to know whether there were any evidence 
of such solubility, because their experience was that whenever there was 
any oxygen in copper it was present in the form of free cuprous oxide, 
which was practically always in the form of globules. Later Hanson, 
Marryat, and Ford® stated that for all practical purposes cuprous oxide 
may be regarded as insoluble in copper. However, they found particles 
of the eutectic to coalesce to form much larger particles. They suggested 
that cuprous oxide was actually slightly soluble in copper, for it was diffi- 
cult otherwise to understand the mechanism by which such coalescence 
could take place. W. E. Ruder, in discussing that paper, said that his 
experiments had led him to conclude that a slight solubility must exist to 
allow for the ready coalescence of oxide particles, but conductivity tests 
convinced him that that solubility was very small. Nevertheless, there 
appeared to be a state of admixture of oxide with copper that closely 
resembled a colloidal mixture which at first was mistaken for a true 
solution and which usually existed at the grain boundaries. 

The purpose of this paper is to give the results of some investigations, 
begun in September, 1921, which would seem to show that although 
cuprous oxide may be only slightly soluble: (1) this solubility is sufficient 


^ T. S. Fuller: Some Examples of Copper Made Brittle by Hob Reducing Gases. 
Issued as Paper No. 1514-E, with Mining and Metallurgy, February, 1926. 

2 H. Moore and S. Beckinsale: Action of Reducing Gases on Heated Copper. Jnl, 
Inst, of Metals (1921) 25 , 219. 

* Investigation of Impurities on Copper. Part 1. The Effect of Oxygen on 
Copper. JnL Inst, of Metals (1923) 30 , No. 2. 
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to allow the coalescence of the cuprous oxide globules as shown by 
Hanson, Marryat, and F ord and also by F. Johnson,^ and (2) that by the 
proper annealing of the copper, the cuprous oxide that exists at the grain 



lu(}. 1. CoPPEK-CTTPUOnS OXIDE FiG. 2. — CoPPER-CUPROUS OXIDE 

EUTECTIC. X 200. EUTECTIC FIRED IN HYDROGEN AT 800° 

C. K hr. 



Fig. 3. — Copper containing con- Fig. 4. — Same copper as in Fig. 3 

SIDERABLE CUPROUS OXIDE SUPER- SUPERHEATED AGAIN AND COOLED 
HEATED IN AIR AND QUENCHED. X 200. SLOWLY. X 200. 


boundaries in solid solution or in a finely divided state can be brought 
together into larger globules and when so coalesced its reduction by hot 
reducing gases does not cause embrittlement. 

* Electrolytic Copper. Jnl Soc. of Chem. Ind. (July 31, 1917). 
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Fig. 5. — Ordinary commercial Fig. 6. — Same copper as in Fig. 5 
COPPER containing CUPROUS OXIDE IN FIRED IN HYDROGEN AT 800° C. X 200. 
SCATTERED GLOBULES SUPERHEATED 
AND quenched; ETCHED WITH PICRIC 
AND HYDROCHLORIC ACID. X 200. 



Fig. 7. — C ommercialcopper Fig. 8. — Commercial copper given 

HEATED IN HYDROGEN AT 800° C. SPECIAL 900° C. ANNEAL AND APTBR- 
X 200. WARD FIRED IN HYDROGEN AT 800° C. 

X 200. 
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When the work began the author knew of no etching reagent that 
would reveal oxygen in solution in copper. The first thing necessary was 



Fia. 9. — Copper containing 0.055 

PER CENT. OXYGEN, UNTREATED; AS 
POLISHED. X 200. 


Fig. 10. — Same copper annealed 
IN NEUTRAL ATMOSPHERE AT 900° C. 
X 200. 



Fig. 11. — Copper containing 0.055 Fig. 12. — Same copper fired in 

PER CENT. OXYGEN A^NNEALED IN HYDROGEN; ETCHED. X 200. 

NEUTRAL ATMOSPHERE AT 900° C.; 

FIRED IN hydrogen; AS POLISHED. 

X 200. 

to try to find such a reagent. A sample of copper free from oxygen was 

cnKion+o/^ fri /^VTrn•nrkQ•^■^rkn nn+il Q con+inn nroc ■f/Mirk/l nrk’n + oin lorfro 
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of cuprous-oxide eutectic, Fig. 1. This sample was heated to just above 
the melting point of copper and quenched; a portion of it, fired in 
hydrogen at 800° C., cracked open, as shown in Fig. 2. Another portion 
was carefully polished and used to test various etching reagents. Fi- 
nally a solution of 50 per cent, of 5 per cent, picric acid in alcohol and 50 
per cent, of a 10 per cent, solution of HCl in alcohol gave the appearance 
of solid solution shown in Fig. 3. When this sample was again super- 
heated and allowed to cool very slowly the grey oxide globules reappeared. 
Fig. 4. 

A sample of ordinary commercial copper containing oxide in scattered 
globules was superheated and quenched from the molten state. A dark- 
ened area was revealed along the grain boundaries, as shown in Fig. 5. 



Fig 13. — Copper-cuprous oxide Fig. 14. — Same copper held at 
eutectic; as polished. X 200. 900° C. % hr. and cooled very 

SLOWLY. X 200. 


Fig. 6 shows this same sample with cracks around the grain boundaries 
after firing in hydrogen. 

Under high magnification, the darkened boundary along the grains in 
Fig. 4 appeared more like a mixture of finely divided cuprous oxide and 
copper; this observation suggested the theory that there might be in all 
commercial copper, or copper not oxygen free, thin films between the 
grains or very narrow grain boundaries of this mixture of cuprous oxide 
and copper. An attempt was made to collect the oxide so held into 
larger globules with no connecting film between. Several samples of 
100-mil copper wire taken from stock were fired in a neutral atmosphere 
at various temperatures from 300° to 900° C. and cooled very slowly. 
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These samples, together with samples of untreated wire, were fired in 
hydrogen at 850° C. for H hr. When tested, all were very brittle except 
the ones that had been annealed at 900° C. By '^very brittle is meant 
they broke at the first right-angle bend, while those previously annealed 
at 900° C. stood six bends without breaking. This has been tested on 
various sizes of copper wire and copper rods with the same result, if the 
heating device is such that absolutely no air is allowed to come in contact 
with the copper during the first part of the drop in temperature from 
900° C. The rate of cooling must be very slow. For example, with 100 
mil. wire hr. was allowed for the cooling from 900° to 875° C. After 
that the current was cut off and the copper allowed to cool with the 
furnace. The microscopic examination of cross-sections of wires checked 
with the brittleness test. Fig. 7 shows the cracks around the grains where 
the oxide had been reduced, while in Fig. 8 the grain boundaries are clean 



Fig. 15. — 8ame cocper held at 1000° C. i hr. and cooled very slowly. X 200. 

and tight, although there are small dark spots showing where oxide 
globules have been reduced. 

The earlier annealing was all done in small electrical furnaces. The 
samples were placed in copper tubes that were then tightly plugged. 
These copper tubes were enclosed in heavier walled iron tubes to keep 
the copper tubes from oxidizing and also to contribute to a slower rate of 
cooling. No success was attained when the copper tube was exposed to 
an oxidizing atmosphere during the cooling. 

Later, the copper was enclosed in a glass bulb in an atmosphere of 
nitrogen and heated in a high-frequency furnace. The copper so annealed 
was ductile after being heated in a reducing atmosphere but the diffi- 
culty of regulating the temperature, especially the slow drop from 
900° C., made this method impractical. Various methods of covering 
the copper with dry clean sand or alumina during the anneal were tried; 
none gave satisfactory results. Copper seems the only metal that can 
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be used as a container during the anneal without the risk of some reduc- 
ing effect and consequent embrittlement. 

The oxygen content of some of the copper samples was: 

Sample 1, 40-mil wire, 0.026 per cent, oxygen 
Sample 2, 80-mil wire, 0.064 per cent, oxygen 
Sample 3, 124-mil wire, 0.055 per cent, oxygen 
Sample 4, J^-in. rod, 0.039 per cent, oxygen 

There was a slight decrease in oxygen after the anneal but the micro- 
scopic examination showed the oxide globules still present. 

Fig. 9 shows a section of the untreated wire as polished; Fig. 10 gives 
this same wire after the 900° anneal. The oxide globules appear to be 
slightly larger and there is a general clearing up of the matrix. Figs. 
11 and 12 show the treated wire after it was fired in hydrogen. The small 
dark spots show where the oxide has been reduced, but the grain bound- 
aries, as will be seen in the etched section, are fine and there is no evi- 
dence of cracking. 


Conclusion 

The main cause of the embrittlement of ordinary commercial copper 
is the reduction of cuprous oxide, which exists either in solid solution or in 
a finely divided state along the grain boundaries. 

By proper annealing, this oxide may be segregated so that its reduc- 
tion by hot reducing gases will not cause embrittlement. 

Three photomicrographs indicating the progress of the coalescence 
of the cuprous oxide are shown. 

The author is indebted to Mr. S. Skowronski for the chemical analysis 
in connection with this investigation. 


DISCUSSION 

G. P. Halliwell, East Pittsburgh, Pa. — Miss Leiter says that 
beneficial results could be obtained only when a copper tube was used as 
the annealing chamber. I wonder if some other material, such as quartz 
could not be used. 

In an effort to check Miss Leiter^s results, I annealed some copper 
strap — ordinary commercial copper with an oxygen content of about 0.05 
per cent. — in vacuum, using a procedure as near as possible to that of 
Miss Leiter’s patent, except that I used a quartz tube. Similar metal 
was also annealed at 725° C. for 1 hr. Samples (7) from each of these lots 
were thoroughly gassed in hydrogen for 1 hr. at 600° C. Tensile tests 
were then made with the following results: 
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Table 1. — Elongation in 2 Inches 


Treatment 

Tensile Strength, Lb. 
per Sq. In. 

Elongation, 

Per Cent. 

Miss Leiter^s 

31,500 

27.8 

Miss Leiter’s plus hydrogen anneal at 600° C. 

22,800 

16.3 

Annealed at 725° C. 1 hr. in vacuum 

32,800 

44.0 

Annealed at 725° C. in vacuum for 1 hr. plus 1 
hr. in at 600° C 

i 

J 15,200 

! 

5.0 


These results show that while Miss Leiter’s treatment gives copper the 
properties of which are inferior to those of fully annealed copper, there is 
a marked improvement in the resistance to gassing. 

S. B. Leiter. — The only reason for the copper tube was that any other 
metal used acted as a reducing agent. Alumina or sand packing caused 
embrittlement. 1 think 1 did use monel metal at one time, and that 
worked fairly well, but copper seemed to be the safer to use. 

In regard to the tensile strength, the work was not conducted with a 
view necessarily to producing a copper of a greater tensile strength, but 
a copper that could be used in all cases where reducing action would be 
likely to occur, or where there would be contact with anything of 
a reducing nature. 

I should not expect the difference in elongation between the specially 
annealed copper and the 725° C. anneal obtained by Mr. Halliwell, al- 
though there might be some slight difference due to difference in grain 
size produced by the higher temperature. I have not found the anneal 
at 900° C. in vacuum to produce as tough a copper nor one so resistant to 
reducing atmospheres as the 900° C. anneal in a neutral atmosphere. 
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Estimation of Oxygen and Sulfur in Refined Copper 


By W. H. Bassett* and H. A. Bedwoktii,! Watehbury, Conn. 

(New York Meeting, February, 1920) 

The amount of oxygen present in refined copper bears an important 
relation to the effects of various impurities on physical properties of 
copper, as well as the effects of reducing gases at higher temperatures. 
It seems fitting at this time, when the effects of reducing gases on copper 
are being discussed, to describe methods that have proved satisfactory 
for the determination of oxygen and sulfur, and to present s(3mc results 
obtained by investigation of these methods in the authors’ laboratory. 
The procedure for the determination of sulfur is closely interrelated with 
that for oxygen and has, therefore, been included. 

It was first proposed by Hampe^ that oxides in copper could be accu- 
rately determined by the loss in weight sustained by finely divided copper 
when reduced at red heat in pure hydrogen, or by the weight of water 
produced. Hampe’s method was later modified by Archbutt, ^ who 
established the accuracy of the method and demonstrated that equally 
accurate results were obtained by noting the loss in weight or by weighing 
the water formed. 

The determination of oxygen by heating in carbon monoxide has been 
proposed by West.^ In our hands this method has given slightly lower 
results than obtained by heating in hydrogen. 

Heath^ found that the loss in weight after heating in hydrogen did not 
represent the true oxygen as cuprous oxide but included also gases derived 
by the metal from the fuel and refining in the furnace, and any trace of 
mechanically held moisture. He found, further, that the copper after 
ignition retained hydrogen equivalent to about 0.01 per cent. Heath 
proposed to determine the amount of occluded gases by preliminary igni- 
tion for 20 min. in pure carbon dioxide — and to correct the error caused by 
absorbed hydrogen by subsequent ignition and cooling in carbon dioxide, 
finally replacing this gas with air. 


* Technical Superintendent and Metallurgist, American Brass Co. 
t Metallurgist, American Brass Co. 

1 Z. fiir Berg, Hiitten-, und Salinen Wesen in Preussichen Staate (1873) 21, 231. 

2 The Analyst (1900) 26, 253; (1905) 30, 385. 

® Jnl. Institute of Metals (1913) 10, 371. 

*Jnl, Ind, & Eng, Chem, (1912) 4, 402. 
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BardwelP has developed a metallographic method for the determina- 
tion of oxygen along the lines suggested by the work of Hofman, Green, 
and Yerxa.® This is a very rapid method based on the measurement of 
the copper-cuprous oxide eutectic areas, and has been found valuable for 
control work in copper refineries. However, for an exacting analysis, the 
longer chemical method, weighing the water produced, is to be preferred. 

There are, in general, two chemical methods for determining the 
oxygen in copper. The first, or direct, method is based on collecting and 
weighing the water produced, and is a rather fussy and tedious procedure 
but gives accurate and positive results; the second, or indirect, method is 
based on weighing the residual copper, and is a shorter and more conven- 
ient procedure, sufficiently accurate for routine work. Both methods are 
given in detail at the conclusion of this paper. 


Apparatus 

The apparatus consists essentially of a combustion tube, with means 
for heating it, and a source of hydrogen, with a suitable train for its 



Fig. 1. — Hydrogen reduction apparatus; American Brass Co. laboratory. 


purification. The hydrogen may be generated in a small Kipp apparatus 
using pure mossy zinc and 1 : 1 hydrochloric acid; or it may be obtained in 
a more convenient form as compressed gas in steel cylinders. 

The ignition of the copper may be carried out in a cylindrical silica 
tube in a combustion furnace of the usual type, heated either electrically 
or by gas. An apparatus with a furnace of this type is shown in Fig. 1, 
and diagrammatically in Fig. 6. In a cylindrical tube 5 separate samples 
may be ignited simultaneously by placing the drillings in porcelain boats, 


VOL. LXXIII. 60 , 


i Trans. (1913) 46 , 742. 
1 Trans. (1904) 34 , 671. 
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or the tube will hold as much as 200 gm. of copper drillings, which is at 
times desirable. 

In some laboratories, a silica tube, with a bulb at the center holding 
from 10 to 50 gm. of drillings, is used. This bulb is generally heated by a 
gas burner. An apparatus with a combustion bulb, as used at the 
Raritan Copper Works, is shown in Fig. 2. When using this tube for the 
indirect determination of oxygen, the manipulation is essentially the same 
except that, instead of weighing the copper alone, the entire tube plus 
copper is weighed after cooling in hydrogen followed by dry air. For 
replacing hydrogen by air, a three-way valve is placed ahead of the tube. 
By weighing the entire bulb plus residual copper, slight amounts of 
arsenic, antimony, selenium, tellurium, and possibly copper, which are 



Fig. 2. — Hydrogen reduction apparatus; Raritan Copper Works laboratory. 


volatilized and collected as a metallic ring on the tube, are weighed. The 
weight of these is negligible in the analysis of ordinary refined copper but 
may be appreciable with more or less impure grades of copper, so that for 
the analyses of impure coppers, a bulb of this type is advantageous. 

The essential requirements of the hydrogen purification train 
are that it will remove from the hydrogen any oxygen, sulfur, hydro- 
carbons, acid, and water that may be present. The preliminary furnace 
(Figs. 1 and 6) containing copper drillings is a feature that has proved 
very satisfactory for removing oxygen from either hydrogen or carbon 
dioxide. The renewal of the copper in the preliminary tube is a simple 
matter and is required but seldom. 

The purification of hydrogen may be effected by a train that does not 
include a preliminary tube of heated copper. A typical example is 
described below and is shown in Fig. 2. The hydrogen and air trains 
shown are kept in a box with a glass front and back, which keeps them 
clean and always ready for use. 
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1. Bowen large bulb containing 10 per cent. KOH saturated with 
KMn04, which oxidizes traces of organic matter and neutralizes any free 
acid that may escape with the gas. 

2. Bowen bulb containing concentrated H2SO4. 

3 . Wash bottle containing a solution of 100 gm. KOH and 7 gm. of 
pyrogallic acid in 100 c.c. of water, which removes oxygen and carbon 
dioxide from hydrogen. The hydrogen is then thoroughly dried by 
passing through 

4 . Solid KOH. 

5 . U tube of CaCl2. 

6. P2O6 mixed with glass wool. 

This train may be supplemented by ( 3 a) a heated palladium asbestos 
tube; or as alternatives to ( 3 ) and ( 3 a), a tube of stick phosphorus, 
followed by two tubes of phosphorus pentoxide, may be used. 

Carbon dioxide may be generated by the method of Bradley and Hale,’ 
who generate the gas by the action of strong sulfuric acid on a paste of so- 
dium bicarbonate and water; or it may be generated from pure white lump 
marble or calcite. It may also be conveniently obtained as compressed 
gas in steel cylinders. The following train may be used for the purifica- 
tion of carbon dioxide gas. 

Heated Bowen bulb containing concentrated H2SO4 saturated with 
CrOa, for removal of hydrocarbons. 

Glass stoppered U tube containing saturated solution of silver sulfate 
in dilute H2SO4, for removal of sulfides. 

Bowen bulb containing concentrated H2SO4. 

Heated tube containing copper gauze or drillings, for removal of 
oxygen. 

Glass stoppered U tube containing CaCU. 

Glass stoppered U tube containing P2O6 opened up with glass wool. 

Preparation of Sample 

Suitable material for analysis may be obtained by drilling, regulating 
the size and speed of drill to give fine chips not over 1 mm. thick and free 
from oxidation. No lubricant is used and, with the proper manipulation 
in drilling, it is unnecessary to treat the sample subsequently for removal 
of grease or surface oxidation. Dust and fines should be removed with a 
screen having 40 meshes to the linear inch, and the drillings should be 
gone over with a hand magnet to remove particles of iron. Observance 
of the Copper Specifications of the American Society for Testing Materials® 
will secure, a fair sample of any casting. Turnings, sheet, or wire may be 
used for this analysis, keeping in mind the limiting thickness of 1 mm. 

^ Jnl, Amer. Chem. Soc. (1908) 30, 1090. 

* A. S. T. M. Standards, 1924. Serial Designation B 34: 20, page 548. 
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A. M. Smoot® notes that it is almost impossible to remove all the 
soapy lubricant from some drawn wires by direct washing with alcohol 
or ether. Such material may be cut in short pieces and digested for a few 
minutes with a 1 per cent, solution of potassium hydroxide in alcohol, 
having the liquid warm but not hot enough to oxidize the metal. Finally, 
wash with water, alcohol and ether, in rapid succession. If a slight 
abrasion of the skin of the wire is not objectionable, the wire may be 
scoured with wet sharp silica, which has been ground to pass through 
a sieve of 40 meshes to the linear inch. The wire may then be cut up, 
treated with alcohol and ether, and dried off at a low heat. 

Investigation of Method 

The characteristics of the reaction of hydrogen with oxygen and 
sulfur in refined copper from an analytical standpoint have been studied 
in this laboratory, and the effects of preliminary and subsequent ignition 
in carbon dioxide have also been determined. 

Determination of Oxygen 

Table 1 and Fig. 3 show the relative reaction with oxygen at various 
temperatures. For these tests N. E. C. brand wirebar copper containing 
99.952 per cent, copper plus silver and 0.043 per cent, oxygen was used. 



Fig. 3. Fig. 4. 

Fig. 3. — Effect of temperature on determination of oxygen in copper by 

HEATING IN HYDROGEN. 

Fig. 4. — Effect of temperature on determination of sulfur in copper by 

HEATING IN HYDROGEN. 

Drillings not over 0.5 mm. thick were heated in hydrogen at progressively 
higher temperatures until the copper melted. The temperature was held 
at each step for 2 hr., and the oxygen was determined by weighing the 
water produced. The results obtained show that during 2-hr. periods the 


• Heath: “Analysis of Copper” (1916) 227. 
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reaction is appreciable at 400°C. and reaches a maximum at about SOO'^C., 
and no further reaction takes place on heating even beyond the melting 
point of copper. 

The question has been raised as to whether the determination by 
heating copper in hydrogen represents all the oxygen present. It is known 
that while hydrogen diffuses rapidly through copper at higher tempera- 
tures, the steam formed diffuses at a much slower rate, approximately 
one-fifteenth that of hydrogen.^® The results of the tests lead us to 
believe that no appreciable amount of steam remains in the copper after 
heating drillings in hydrogen at 800® to 850®C. for 3 hr., and that from an 
analytical standpoint the reaction is complete. The absence of cuprous 
oxide in samples of copper thus reduced has been confirmed by metallo- 
graphic examination. 


Table 1. — Relation of Determined Oxygen to Temperature of Heating 


Tempera- 

ture, 

Degrees C 

Oxygen, Per Cent. 

Tejjt No 1 

Test No. 2 

Blank 

Actual 

Cumulative 

Actual 

Cumulative 

300 

0.0018 

0.0018 

0.0018 

0.0018 

0.0015 

410 

0.0093 

0.0111 

0.0096 

0.0114 1 

0.0017 

GOO 

0.0237 

0 0348 

0.0215 

0.0329 i 

0.0016 

800 

0.0085 

0.0433 

0.0090 

0.0419 

0.0020 

900 

0 0000 

0 0433 

0 0000 

0.0419 

0.0025 

1090 

0.0000 

0.0433 

0.0000 

0 0419 

0.0025 


Note. — Oxygen as determined by heating at SOO'^C. for 3 hr. and weighing the 
copper residue was 0.043 per cent. This is in excellent agreement with the cumu- 
lative oxygen shown above, determined by weighing the water produced at differ- 
ent temperatures. 


Determination of Sulfur 


The characteristics of the sulfur reaction were determined in a 
similar manner, with the results shown in Table 2 and Fig. 4. Drillings 
of N. E. C. brand wirebar copper, assaying 99.963 per cent, copper plus 
silver, were used for these tests. Samples of 100 gm. were heated 
successively at temperatures up to 1000° C., holding at each for a period 
of 5 hr. From an analytical standpoint, the reaction begins at about 
450° C. and is practically complete after heating at 800° C. to 850° C. 
for 5 hr. 

Norman B. Pilling: Action of Reducing Gases on Hot Solid Copper. Trans. 
( 1919 ) 60 , 328 . 
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Table -2. — Relation of Determined Sulfur to Temperature of Heating 


Temperature, 
Degrees C. 

Sulfur, Per Gent. 

Teat No. 1 

Test No. 2 

Actual 

Cumulative 

Actual 

Cumulative 

300 



0.0000 

0.0000 

400 



0.0000 

0.0000 

450; 



0.0000 

0.0000 

500 

0.0010 

0.0010 

0.0011 

0.0011 

600 

0.0008 

0 0018 



700 

0.0005 

0.0023 

0.0012 

0.0023 

800 

1 0.0002 

0.0025 

1 


900 

0.0001 i 

0.0026 

0 0005 

0.0028 

1000 1 

0.0001 

0.0027 




Preliminary Heating in Carbon Dioxide 

Several samples of wirebar copper in the form of drillings were treated 
with dilute cyanide solution, alcohol, and ether, dried by heating gently, 
and then given a preliminary ignition in carbon dioxide for 20 min. at 
800® C.; the loss in weight is shown in Table 3. 

Table 3. — Preliminary Heating in Carbon Dioxide 


Lobs in Weight 


Material 

Grams 

1 Per Cent. 

i 

1 

Calculated 
as Hydrogen, 
Per Cent. 

L. N. S. wirebar 

0.0008 

0.008 

0.0009 


: 0.0008 

0.008 

0.0009 

L. N. S. wirebar 

1 0.0008 

0.008 

0.0009 

i 

0.0006 

0.006 

0.0007 

D. R. W. wirebar 

0.0006 

0.006 

0.0007 


0 0005 

0.005 

0.0006 


0.0007 

0.007 ; 

1 

0.0008 


According to Heath, “ one-ninth of the original loss obtained in this 
manner expresses approximately the original gas, as it is principally 
hydrogen and would abstract oxygen from the copper to form water 
vapor. As will be observed from the table, the loss calculated as occluded 
hydrogen is extremely small and, for the purposes of ordinary analysis 
of refined copper, it is sufficiently accurate to omit this heating in carbon 


“ “Analysis of Copper*' (1916) 230. 
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dioxide. In exceptional cases, however, as in the analysis of samples of 
copper that have been specially treated or prepared, it is necessary to 
determine occluded gases as loss on ignition in carbon dioxide or by some 
other means. The subject of occluded gases in refined copper needs 
further study in order that we may be able to identify positively and 
estimate such gases as may be present. 

Subsequent Heating in Carbon Dioxide 

Drillings from several wirebars were ignited and cooled in hydrogen, 
according to the indirect method for the determination of oxygen, and 
were then given a subsequent ignition in carbon dioxide for 20 min. at 
800° C. The combustion train used for this purpose is shown in Fig. 5. 
The results obtained are given in Table 4. 



Fig 5. -Train used for ignition in hydrogen and carbon dioxide. 


Table 4. — Subsequent Ignition in Carbon Dioxide 


Weight in Grams 


Materia 1 

After Ignition 
in Hydrogen 

After Subse- 
quent Igni- 
tion in Car- 
bon Dioxide 

Change 

Special anode, 99.866 per cent, copper + 
silver. 

10.1781 

10 0484 

10.1780 

10.0485 

-0.0001 

+0.0001 

N. E. C. wirebar, 99.966 per cent, copper + 
silver. 

10.0734 

10.0734 

0.0000 

Tacoma wedge cake, 99.962 per cent, copper 
+ silver. j 

10.0532 

10.0413 

10.0532 

10.0415 

0.0000 

+0.0002 

N. E. C. wirebar'* 

1 10 0262 

1 10.0262 

1 

10.0262 

10.0262 

0.0000 

0.0000 


« After melting and cooling under hydrogen. 


These, results indicate that, according to the procedure described, 
subsequent heating in carbon dioxide has no effect and is therefore quite 
unnecessary. 
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Determination of Oxygen 
(Direct Method^ Weighing HtO Produced) 

Apparatus 

The arrangement of the apparatus used is shown in Fig. 6. 

A, Hydrogen cylinder containing gas at 1700 lb. per sq. in. pressure. 

jB, Reducing valve with gages for measuring pressure in tank and 
in train ; the gas is used at 5 to 10 lb. per sq. in. pressure. 

C, Valve for regulating flow of hydrogen. 



Fig. 6. — Apparatus for determination op oxygen in refined copper. 


D, Bowen bulb containing H2SO4, sp. gr. 1.84, saturated with CrOa; 
heated by a small electric lamp; used for oxidation of any hydrocar- 
bons present. 

E, Electric combustion furnace, hinged type, 8 in. long, with silica 
tube % in. bore by 18 in. long, containing copper drillings previously 
ignited in hydrogen; for removal of traces of oxygen. 

Fy Bowen bulb containing H2SO4, sp. gr. 1.84. 

Gy 6-in. U tube, glass stoppered, containing ‘^Ascarite’’ (preparation 
of asbestos impregnated with NaOH); for removal of H 2 S and any acid. 
Glass wool is placed in the legs above the reagents and in the stoppers. 
(All U tubes for this train are filled in a similar manner.) 

Hy 6-in. U tube, glass stoppered, containing P 2 O 6 mixed with dry 
pumice (6 to 8 mesh) to keep it open; for removal of water. 
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Electric combustion furnace, hinged type, 30 in. long, holding 
silica tube % in. bore by 44 in. long. 

Ky 4-in. U tube containing P 2 O 8 . 

L, Bowen bulb containing H2SO4, sp. gr. 1.84. 
jR, Pyrometer. 

5, Multiple switch for operating several furnaces on same pyrometer. 

Air-dryinq Train 

My Bowen bulb containing H 2 SO 4 , sp. gr. 1.84. 

Ny Bowen bulb containing 50 per cent. NaOH. 

Oy Bowen bulb containing H2SO4, sp. gr. 1.84. 

Py 6-in. U tube containing P 2 O 6 mixed with pumice. 


Method 

The copper for use with this method should be in the form of bright, 
clean drillings or turnings not over 1 mm. thick. Dry in an oven at 
105° C. for 10 min. If the drillings show any sign of surface oxidation or 
oil, wash with dilute NaCN, rinse three times with distilled water, then 
twice with grain alcohol, and finally with ether. If the drillings are very 
oily, wash first with petroleum ether. Dry at 80° C. 

T V 

Q ^ O- 

Fig. 7. — Apparatus for putting drillings in tube. 

Weigh out 100 gm. of drillings and place in the tube so that they will 
be near the middle; the implement shown in Fig. 7 will be useful for 
this purpose. T is a rubber stopper fitting loosely the bore of the tube; 
f/ is a heavy glass rod 12 to 18 in. long; F is a rubber stopper fitting tightly 
the bore of the tube. 

Turn on the hydrogen at the rate of four bubbles per second and start 
the first furnace Ey maintaining it at 850° C. By the time the furnace is 
up to temperature, the tube will have been swept clear of air. This 
should be done beforehand to save time. Connect up the main tube 
containing the sample and continue to pass hydrogen for 30 min. to expel 
all air. Then place the tube and bulb K and L in position and start the 
main furnace J, Operate at 850° C. for 5 hr. Disconnect K and L, 
place quickly on the end of the air-drying train and pass a slow stream^ of 
air through this for 10 min. The air has been going through the drying 
train for 30 min. just previous to attaching these. 

Remove the tube and bulb from the train and close the stoppers 
quickly. Disconnect the guard bulb of H2SO4 and wipe the P 2 O 6 tube 
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with a warm dry cloth and place it in the balance for 20 min. Just 
before weighing, open the stoppers for an instant. When the average of 
the blank tests has been obtained, deduct it from the increase of weight 
of the tube K and calculate the difference to oxygen. Factor H2O to 0 
is 0 . 8881 . 

Continue to run hydrogen through the apparatus until the furnaces 
have cooled to practically room temperature, then remove sample. The 
combustion tube, when not in use, should be kept connected with the 
train and a Bowen bulb containing H2SO4 placed at the end of the system. 

Notes 

1. Glass tubes in the train should be as nearly flush with each other 
as possible. 

2. Rubber connections should be of fresh, thick-wall, pure gum black 
tubing. Sulfur-free rubber stoppers should be used. 

3 . Before considering the apparatus fit for making determinations, 
all the connections and stopcocks of the train must be proved tight by 
attaching a 6-in. U tube of H2SO4 at the end of the combustion tube, sub- 
jecting the apparatus to a pressure of gas equal to 2 in. of the acid and 
noting if any fall of the column takes place in 15 minutes. 

4 . Before using a new combustion tube for a determination, it should 
be heated in hydrogen for hour. 

5 . Before and after making a determination, a blank test should be run 
in exactly the same manner as the determination. The results of the two 
blank tests, which should agree and be under 10 mg., are averaged and 
form a subtractive correction to be applied to the weight of the P2O6 
tube in the determination. 

6 . The P2O6 tube may be weighed by using another similar P2O6 tube 
as a partial counterpoise. 

7 . This method gives accurate results but is long and fussy. For 
this reason, the indirect method of weighing the copper residue is gener- 
ally used for refined copper, as it is more simple and gives results suffi- 
ciently accurate for ordinary requirements. However, in cases where 
there are larger amounts of arsenic, antimony, selenium, and tellurium 
present than are usually found in refined copper, it is necessary to use the 
above method or the combustion bulb. 

8. When sufficient arsenic, antimony, selenium, or tellurium is pres- 
ent to interfere by volatilization, the end of the tube is stuffed with 
glass wool. 

9 . In order to measure the exact relation between oxygen and copper 
in a sample, it is necessary to determine the oxygen on the same bottle 
of clean fresh drillings that is used for the electrolytic assay. 
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Determination of Oxygen 


{Indirect Method^ Weighing Copper Residue) 


Apparatus 

The same apparatus is used as in the direct method, except that the 
tube K and bulb L are replaced by two Erlenmeyer flasks containing 
ammoniacal CdCl2, as in the determination of suKur. The air-drying 
train is not required. Tube H and furnace J are connected by a piece of 
rubber tubing sufficiently long to permit transferring the tube to an adja- 
cent cooling rack. 


Method 

Weigh out approximately 50 gm. of clean bright drillings into five 
porcelain boats, placing 10.0100 to 10.0200 gm. in each boat. Place 
the boats in the long tube and, following essentially the same procedure 
as in the direct method, heat the samples in hydrogen for 3 hr. at 800°C. 
Remove the Erlenmeyer flasks and determine the sulfur by titration, as 
hereafter described. Replace the two flasks by a Bowen bulb containing 
H2SO4 and remove the tube from the furnace while still hot and place on a 
rack alongside the furnace. Allow the tube to cool, using an electric 
fan as an aid, continuing the flow of hydrogen until cold. Remove the 
boats from the tube and weigh the copper residue. The loss is con- 
sidered as oxygen plus sulfur and, having obtained the amount of sulfur, 
the percentage of oxygen may be calculated. 

Notes 

1. This method is generally used for the determination of oxygen in 
refined copper in routine analyses (see note 7 under Direct Method). 
In addition to oxygen and sulfur, the loss actually includes occluded 
gases, and slight amounts of arsenic, antimony, selenium, tellurium, 
and possibly copper. With electrolytically refined copper, however, the 
error thus introduced is negligible, and the method is sufficiently accurate 
for ordinary analyses. 

2, In special cases, if the presence of occluded gases is suspected, 
some knowledge of these may be obtained by a preliminary heating in 
CO2 at 800° for 20 min., followed by cooling in CO2 and weighing the 
residue. The character and behavior of the gases involved should be 
duly considered in interpreting the loss thus obtained. In the routine 
analysis of ordinary refined copper, it is suflBciently accurate to omit this 
ignition in carbon dioxide and ignite in hydrogen directly. 
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Determination of Sulfur 
Apparatus 

The apparatus required is the same as used for the indirect determina- 
tion of oxygen. 

Solutions Required 

Cadmium Chloride Solution, — 1 liter contains 40 gm. CdCl2.2H20 
and 400 cc. NH4OH, sp. gr. 0.90. 

Iodine Solution, — Dissolve 1.2692 gm. iodine with 50 cc. of water and 
2.5 gm. Nal. Dilute to 1000 cc. To standardize use arsenious acid 
solution, which contains 0.001 gm. arsenic per cubic centimeter and is 
made up by dissolving exactly 0.6600 gm. AS2O3 in 100 cc. of water 
containing about 2 gm. KOH, making barely acid with dilute H2SO4 
and diluting to exactly 500 cc. Place exactly 10 cc. of standard arsenious 
acid solution in a 300 cc. beaker, dilute to 200 cc. with water, make barely 
alkaline with NH4OH, then faintly acid with 1:4 H2SO4 with a drop in 
excess. Add 10 gm. NaHCOs, and titrate rapidly with standard iodine 
solution until the endpoint is reached, employing 3 cc. of starch 
solution and 3 drops of 10 per cent. Nal solution. Multiply the arsenic 
value by the factor 0.4277 to obtain the sulfur value. Theoretically 1 cc. 
of this solution equals 0.00016 gm. sulfur. 

Sodium Thiosulfate Solution, — Dissolve 2.482 gm. Na2S203.5H20 and 
0.1 gm. NaOH in 1 liter of water. 

The value of the sodium thiosulfate solution in terms of standard 
iodine solution should be obtained for every determination. Measure 
out exactly 10 cc. of iodine solution, and titrate with thiosulfate, having 
the conditions the same as in the actual determination. 

Starch Solution, — Add 6 gm. of soluble starch in suspension with 100 cc. 
of cold water to 1000 cc. of boiling water. Boil until clear, cool, and 
add 6 gm. of zinc chloride in 50 cc. of water. (A few drops of HCl may 
be added to the zinc chloride solution if necessary to clear it.) Mix and 
preserve in a closely stoppered bottle. 

Method 

Weigh out 50 to 200 gm. of clean copper drillings and place in the 
combustion tube. When the sulfur determination is made simultane- 
ously with the oxygen determination the drillings are placed in five porce- 
lain boats, 10.0100 to 10.0200 gm. in each boat. When a larger sample 
is used, the drillings are loaded directly into the tube, using a clean 
copper ramrod, taking care not to ram the copper too tightly and that 
the copper does not extend beyond 3 in. from either end of the furnace. 
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A glass rod, fitted with rubber stoppers (Fig. 7), may be conveniently 
used to retain the copper while loading. 

In each of two 350 cc. Erlenmeyer flasks place 10 cc. of cadmium 
chloride solution and 100 cc. of water. Connect the two flasks in series 
at the end of the furnace, connect up the apparatus and start the hydrogen 
at the rate of three to four bubbles per second. The heating current is 
turned on and the apparatus will have been cleared of air by the time the 
furnace is hot. 

The furnace is then operated at a temperature of 850°C. for 3 to 5 hr. 
Without shutting down, the two absorption flasks are replaced with a 
single similar flask and the operation continued for 1 hr. longer to deter- 
mine if the reaction is complete. 

To the solution in the flask containing the CdS, an excess of standard 
iodine solution is added; a little experience will serve as a guide in adding 
the proper amount. The solution is then acidified with 15 cc. of HCl, 
sp. gr. 1.19, and cooled in running water; 3 cc. of starch solution are 
added and the excess iodine is titrated with standard thiosulfate solution. 

If the second and third flasks show any CdS, they are treated in a 
similar manner. This is rarely the case, however, and the clear solution 
may be used for determining the iodine value of the thiosulfate, by 
adding 10 cc. of standard iodine solution, 15 cc. of HCl, and titrating 
as above. 

Blank tests may be run in the above manner, and the iodine required, 
if any, subtracted from the amounts used in the determinations. 

Notes 

1. This method is a convenient and accurate means of determining 
sulfur in copper, and with ordinary precautions is not subject to con- 
tamination by sulfur-bearing fumes, which are nearly unavoidable in 
most laboratories, and is consequently much to be preferred to the gravi- 
metric method. 

2. The amounts of selenium and tellurium ordinarily found in refined 
copper do not interfere with this method. With impure coppers carrying 
larger amounts of selenium, this element will be volatilized to some extent, 
and a suitable tube filled with glass wool and placed ahead of the cadmium 
chloride flasks will serve to retain the selenium. 

3. In titrating the cadmium sulfide, an excess of iodine is added before 
acidifying to prevent the loss of any H 2 S. 

DISCUSSION 

G. M. Darby, Westport, Conn. — What results could be obtained upon 
brass and bronze in determining oxygen and sulfur by this method? 
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H. A. Bedworth. — Brass and bronze do not lend themselves to 
ignition in hydrogen. Zinc is driven off and deposits along the tube, and 
there is a later reaction; that is, a back action, some of your zinc reducing 
the water vapor evolved, giving zinc oxide. Your results are not 
dependable; they are erratic and low. 

Following a suggestion by T. West in the Journal of the Institute of 
Metals, we tried heating in carbon monoxide, but obtained no better 
results with that. 

G. M. Darby. — What was the result with sulfur? 

H. A. Bedworth. — I do not know. 
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Special Nickel Brasses 

By Oliver Smalley, New York, N. Y. 

(Syracuse Meeting, October,* 1925) 

Except for the work of Guillet, who conducted a systematic investi- 
gation on the zinc-replacing value of nickel in brass, and extended his 
inve^igation with a view to developing commercial high zinc content 
nickel brasses, the author does not know of any other systematic research 
on the subject. The most promising commercial alloys and their physical 
properties obtained by Guillet are given below: 


Copper 

Zinc 

Nickel 

Maximum 
Stress, 
Tons Per 
Sq. In. 

Elonga- 

tion, 

Per Cent. 

Reduction 
of Area, 
Per Cent. 

Brinell 


55.0 

41.0 

5.0 

24.4 

46.5 


94 

Sand cast. 




22.6 

27.0 


90 

Chill cast. 

56.7 

39.74 

3.35 

30.0 

43.0 

51.7 

97 

Casting annealed 








2 hr. at 750° C. 




33.9 

33,0 

50.7 

144 

Cold-drawn bar. 

55.15 

42.3 

2.24 

29.8 

33.0 


116 

Casting annealed 








2 hr. at 750° C. 




32.3 

29.0 

1 

151 

Cold-drawn bar. 


These test results scarcely justify the use of such quantities of so 
expensive a metal, and could have been obtained from ordinary commer- 
cial brass. For purposes of comparison, the physical properties of 
ordinary brasses, ranging from 70 per cent, to 50.1 per cent. Cu in both 
the cast and normalized^ conditions are included in Table 1. These 
incidentally furnish a useful standard of the properties of castings and 
of rolled, extruded and forged brass when correctly annealed. 

A close study of some of the well-known special brasses containing 
nickel reveals a series of alloys which bewilder by their complexity, and 
one can only hazard a guess at the function and commercial value of 
each of the many elements used. 


* Fall Meeting, Institute of Metals Division. 

^ By “normalized condition” is meant the condition that results from mechanical 
and thermal treatment which completely removes casting structure, internal strain 
and heterogeneity. 




800 


SPECIAL NICKEL BRASSES 


Table 1. — Physical Properties of Pure Brass 


Composition 

Condition 

Yield 

Point, 

Tone 

per 

Sq. In. 

Maxi- 

mum 

Stress, 

Tons 

per 

Sq. In. 

Elonga- 

tion, 

Per 

Cent, in 
2 In.- 

Reduc- 
tion of 
Area, 
Per 
Cent. 

Alterna- 

ting 

Impact 

Num- 

ber 

Brinell 

Hard- 

ness 

Num- 

ber 

Sclere- 

scope 

Bard- 

ot 

Num- 

ber 

Copper, 

Per 

Cent. 

Zinc, 

Per 

Cent. 

70.0 

30.0 

As cast 

6.50 

16.70 

58.00 

57.00 

79 

55 

15 



As forged and an- 










nealed 

8.00 

21.50 

68.00 

65.00 

85 

57 

15 

59.0 

41.0 

As cast 

8.80 

24.90 

45.00 

49 70 

79 

90 

14 



As forged 

9.00 

26.00 

47.00 

62.00 

87 

90 

14 



Forged and annealed 










650® C. for 1 hr.... 

7.00 

24 00 

49.00 

55 00 


79 

12 

53.3 

46.7 

As oast 

1 9.00 

29.70 

24.00 

21.50 

34 

108 

18 



As forged 

9.70 

32.80 

28.00 

30.60 

49 

114 

18 



Forged and annealed 




i 






650® C. for 1 hr.... 

1 

7.50 

29.10 

22.50 

31.60 


108 

18 

51.2 

48.8 

As cast 

7.20 

26.90 

19 00 

21.50 ! 

27 

108 1 

18 



As forged 

9.20 

33.40 

37.00 

33.50 

36 

114 

18 



Forged and annealed 










650® C. for 1 hr. . . . 

! 

5.30 

29.00 

25.00 

27.00 


108 

18 

50.19 

49.81 

As cast 

6.00 

8.80 

1.00 

1.50 

1 

108 

18 



As forged 

2.30 

15.80 

5.00 

5.50 

9 

117 

19 


For this reason, it is intended in this paper to treat synthetically the 
development of complex nickel brasses, considering the commoner 
metals, including nickel, as a third element, proceeding to study nickel as 
a fourth element on the most promising of the ternary series, as a fifth ele- 
ment on the quaternary series, and so on to the more complex alloys. 


Special Brasses Containing Nickel 


Name 

Cu 

Zn 






P 

Pb 


Turbadium bronze 

48.0 

46.45 

2.0 

0.20 

1.75 


0.50 

0.10 



Turbiston bronze 

55.0 

41.00 

2.0 

1.00 

0.16 

0.86 


Nil 



German periscope. Maclean In- 











stitute of metals, 1921 — 1 

53.0 

34,00 

9.0 

0.35 

1.50 

1.50 












Phos 

phor- 










ti 

n 



Maclean Institute of Metals, 

60.0 

34.0 

3.0 


0.50 


0.25 

0.25 

Warranted to 

1921—1. 










give 30 tons ten- 











sile with appreci- 











able elongation. 

Hirst Institute of Metals, 1921 — 











1 

54.93 

38.41 

2.59 

0.93 


1.93 

EIB 




Nickel-manganese bronze 

53.4 

39.0 

2.5 


1.70 

0.30 

i 


0.30 



To this end, constant conditions were maintained throughout the 
research, eliminating all variables except the one desired; viz., (Chemical 
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Table 2 


Material 

Cu 

O 2 

Zn 

Ni ' Co 

Pb i Fc i A1 1 Si ^ 

Sn ! Cd Mn 

As 

Copper, American elec- 




1 

1 ; 

' 


trolytic 

09 81 

0 19 


Nil ! 

Nil Trace | 

! 


Zinc 

Nil 


99 99 

1 

Trace Trace i Trace 

Trace 


Cupro-nickel 

92 .i8 



7 25 

Trace ! 

i I 


Cupro-cobalt . , 

90 00 



0 01 9 70 

0 20 



Ferro-copper ... 

90 00 




10 00 



Ferro-zinc. , 

0 29 


94 10 

i 

1 IG 4.45 



Aluminum . . . 

Trace 



1 

0 40 99 51 0 09 

i 


Tin 

Nil 


Nil 


0 20 Nil , Nil 

99 70 1 

0.10 

Cupro-manganese , . 

72 73 




0 09 2 30 ; 1 0 30 

i 

1 1 


Phosphorus . . . . 





1 

1 

0 03j24.35 



composition. For this reason, virgin metal and specially prepared stock 
alloys of the chemical composition given in Table 2 have been used. 

Melting was performed in a 100-lb. pot in a natural-draft coke furnace. 
The method of introducing the various special metals investigated and 
the precautions necessary will be detailed under each distinctive heading. 
To eliminate the variables introduced by sand molds, each melt was 
poured into a chill iron mold 2] 2 in. square, the temperature of which was 
130° F. The pouring temperature of each alloy was controlled at 10 per 
cent, superheat. 

When it was desired to investigate in the forged or heat-treated 
conditions, the lower half of the ingot was forged into 1-in. square bars. 
In the case of cold- working alloys, a 100-lb. ingot was cast 1.05 by 4 in. 
wide. The lower half was cold rolled in three passes to 0.55 in., annealed 
at the correct temperature, reduced to 0.45 in. and re-annealed so as to 
restore to the original cast Brinell hardness number before testing. 

Physical Tests 

Tensile Tests . — Tensiles were prepared in accordance with the 
specification of the Engineering Standards Committee, the area being 
0.25 sq. in. and gage length 2 in. A permanent set of 0.01 in. is recorded 
as yield point. 

Hardness was determined by the Brinell ball test and the Shore 
scleroscope; the former being made with a lO-mrn. ball under a pressure 
of 1000 kg. maintained for exactly 30 sec., while the latter test was made 
with a soft hammer. 

Dynamic Stress Tests . — Both alternating and single-blow impact 
tests were made where possible. In the former, the test piece used was 
4 by ^'2 by Y 2 i^- with a radius groove milled in the center of one 

face at right angles to the principal axis. A steel tup having a total 
weight of 10 lb. was allowed to fall from a height of 18 in. on to the test 
piece, the first blow being given on the face opposite to the groove, and 
for every succeeding blow, the test piece rotated through an angle of 180°. 

VOL. LXXIII. — 51 . 
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The blows were delivered at a regular rate of 25 per minute, and the 
number required to break completely the test piece was recorded as the 
alternating impact number. The single-blow impact test piece was 
made in the Izod machine, using the standard 10-mm. square test 
piece, notched 2 mm. deep at an angle of 45° and the striking hammer 
contacting the test piece at a distance of 22 mm. above the bottom 
of the notch. 

Nickel Brass 

According to the equilibrium diagram prepared by Guertler and 
Tammann, nickel alloys with copper in all proportions forming a perfect 
isomorphous mixture, while the resulting series of alloys, which possess 
specially useful properties, justify their somewhat high cost. The 
amount of nickel that zinc will take into solution is so small that it is 
questionable whether it is soluble at all, although nickel forms a solid 
solution with up to approximately 50 per cent. zinc. 

Functioning as a copper-replacing element, the alloying property of 
nickel with the ordinary brasses is very similar to that with copper. To 
introduce pure nickel, a nickel-copper or nickel-zinc stock alloy may 
be used. Details of composition and test results of the first series of 
alloys made are given in Table 3. 

As Cast 

With a constant copper content and reducing the zinc content by 
the added nickel, 1 per cent, nickel brass shows a slight increase in the 
yield point, a drop in tensile strength, a decrease in the elongation per- 
centage, but little change in the shock-resisting properties. Exceeding 
1 per cent, nickel, there is a general all-round improvement, while the 
ductility is distinctly superior to that obtained from standard 59:41 
brass. Increasing the nickel to 4 per cent, reduces both the strength and 
the elongation per cent, without affecting the ductility. As the nickel 
content increases, there is a general decline in the hardness number. 

Forged 

Nickel acting as a copper-replacing rather than zinc-replacing element, 
quantities up to 4 per cent, do not materially affect the hot-working 
properties of ordinary alpha-beta brasses, although alloy N3 also works 
admirably cold. The principal features of the test results of alloys 
Ni, N2 and N3 after forging is their general similarity, although the 
beneficial effect of nickel on the shock-resisting properties is marked. 


Microstructure 

Under the microscope, nickel is shown to refine not only the crystal 
grain and reduce the quantity of beta constituent owing to a copper- 
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jaqiunj^ 

HSriupjBjj adoo 8 aj 0 [og 


CO 

^ CO 

1 -H 1-1 

os 0 

jaq 

-iiin^ 8 Baupji?jj n^uijg 

90 

90 

CD 

06 

69 

57 

74 

Fracture 

Fine granular, 
silky edges 
Fine granular, 
silky edges 

Fine granular 
slightly vitreous 
in upper half 

Fine granular 
slightly vitreous 
in upper half 
Fine, stony, vitre- 
ous 

Fine granular 
highly vitreous 
Fine, stony, vitre- 
ous 

^ joqumf^ 
joudnij i 1 uip{UJ,):^[y 

79 

87 


93 

125 

1 

135 

144 

Fracture 

Fine, stony, semi- 
cup and cone 

Fine, stony, silky, 
edges 

Fine, stony, hackly 

Fine, silky, uneven 

Fine, stony, semi- 
cup and cone 

Fine, silky, uneven 

Fine, stony, semi- 
cup and cone 

Fine, silky, cup and 
cone 

11103 

joj ‘Tjdjy jO uo^onpog 

i- 8 

i s 

36 4 

59.3 

49 7 

68.0 

52 2 

70.0 

saqouj 2 ui 

IT 103 Jag ‘uoqu3uo[3 

45 0 

47 5 

23 0 1 

49 0 

56.0 

54 0 

50,0 

64 0 

qouj aj-RTibs aad 
suojL ‘S'saJ:jg uinuitxujY 

24 9 

26 00 

21 1 

26 5 

23 7 

26.2 

18.3 

25.0 

qouj aiunbg 
jod suox ‘luiog ppiA 

8 80 

9 00 

9 0 

11 0 

9.0 

11.9 

6.9 

9.9 

Physical 

Condition 

As cast 

As forged 

As cast 

As forged 
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Fio. 1 —59 Cti, 41 Zn. 



Fig. 2 —59 Cu, 40 Zn, 1 Ni. 
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replacing value of approximately 1.30, but to break down the cell walls 
of the primary crystal grains; see Figs. 1 to 3, representing the standard 
59:41 brass, 59:41 + 1 per cent, nickel and 59:41 + 4 per cent, nickel. 
These structural changes no doubt explain, together with the increased 
toughness of the alpha constituent, the improved shock-resisting 
properties obtained. 
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Aluminum Brass 

As the effect of 1 per cent, aluminum is equal to 5.6 per cent, zinc on 
both the structure and general physical properties of brass, its influence 
is directly opposite to that of nickel. 

The effect of 1.0 per cent., 1.5 per cent., 2.0 per cent, and 3.0 per cent, 
aluminum on the mechanical properties of 59:41 brass in both the cast 
and forged conditions are embodied in Talile 4. 


Castings 

Prominence is given to the remarkable effect of small quantities 
of aluminum in increasing the yield point and strength, which is accom- 
panied by a corresponding fall in ductility and shock-resisting properties. 
The rapid strengthening limit of aluminum seems to be 1.35 per cent., 
although maximum strength is not reached until 3 per cent, has been 
added. Exceeding 3 per cent., the strength falls away and on the 
visible inception of the gamma constituent, the alloy loses its ductility. 
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Forged Condition 

The ordinary alpha-beta aluminum brasses do not present any 
difficulty in working and may be readily forged, rolled or extruded. 
Their increased hardness, however, demands a relatively greater blow 
or pressure; and readily hardening up, cannot be worked down to small 
sections with the ease of Muntz metal. All beta aluminum brasses 
suffer from a long period of heat fragility, regardless of their chemical 
composition. There is, however, no difficulty in working hot, although 
the range of temperature permissible is limited. Ordinary beta brasses 
of the copper-zinc series have a period of heat fragility extending from 
315° to 455° C.; beta brasses of the copper-zinc-aluminum series, 
approximately from 226° to 558° C. 

In the beta alloys under consideration forging was performed between 
700° and 620° C. They may be worked at temperatures above 700° C., 
but there is great danger in doing so owing to the abnormally rapid 
crystal growth at such temperatures, which is not readily eliminated by 
a continuance of the work at lower temperatures as obtains in alloys 
having a duplex structure. At the best, high-tenacity beta brasses are 
brittle alloys, and slight overheating renders them unsafe in service. 

The effect of forging is shown to have reduced the yield point, to have 
affected the strength and hardness very little, and to have improved both 
the ductility and shock-resisting powers. 

Microstructure 

Figs. 4 and 5 show the effect of substituting 1.0 per cent, and 1.5 
per cent, aluminum for the same amount of zinc in a 59 per cent, copper 
brass. They amply demonstrate the coefficient of equivalence referred 
to and explain the hardening propensities of aluminum. 

m 

Tin Brass 

In complex high-strength brasses where ductility is of importance, 
0.75 per cent, is the maximum quantity of tin that may be used. In 
naval brass, 1.0 per cent, tin seems to be the useful limit. The constitu- 
tion of this series has been closely studied by Hudson, Carpenter, Hoyt, 
Turner, and others. 

The standard 59:41 brass will take into solution approximately 1.0 
per cent, tin when sand cast and 1.2 per cent, when chill cast. With 
an increasing zinc content, the figure is increased to a maximum of 1.8 per 
cent, at 47 per cent. zinc. In this paper, it is proposed to consider 
0.50 per cent., 1.0 per cent., 2.0 per cent, and 3.0 per cent, tin brasses 
with 59 per cent, copper base. Conditions of manufacture were those 
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outlined for the nickel and aluminum brasses, introducing the zinc and 
the tin, as such, last. Physical test results are given in Table 5. 

As Cast 

One-half per cent, tin increases the yield point and maximum stress 
2.25 and 1.3 tons respectively without affecting the elongation, reduction 
of area and alternating-impact strength. Increasing to 1.0 per cent, 
hardens without strengthening and impairs both ductility and impact 
strength. This embrittlement is accentuated by additional quantities 
of tin, as shown by alloys S3 and S4, the latter having little strength 
and no ductility. 


Forging 

No difficulties were encountered in the forging of alloys Si and S2, 
which worked with the ease of Muntz metal. The test results of alloys 
S3 and S4 in the “cast’’ condition did not justify consideration in the 
forged condition and no improvement could be obtained by special 
heat treatment. After forging, the yield point of alloy Si is raised 6.6 
tons per sq. in. and the maximum stress, 2.8 tons per sq. in., but 
the elongation per cent, is slightly reduced. The drop in ductility, how- 
ever, is not of real importance, the alternating impact figure being 
increased no less than 15 per cent. While the physical properties of the 
1 per cent, tin brass in the cast state are inferior to those of 59:41, they 
are superior after forging, but it is clearly demonstrated that 1 per cent, 
is the limit of practical utility. 


Structure 

There is little perceptible difference in the structure of an alpha-beta 
brass containing 0.5 per cent, tin and that containing 1.00 per cent. 
Exceeding 1 per cent., a brittle copper- tin compound makes its appear- 
ance. The effect of this constituent is shown to be similar to the 
“gamma” compound in ordinary brass. 

These results show clearly that tin cannot be regarded in the same 
light as either nickel or aluminum, as it is neither a copper- nor a zinc- 
replacing element, although, structurally, attempts have been made 
to consider it a zinc-replacing element, giving to it a coefficient of 
equivalence of 2. 

Iron Brass 

Copper and iron form a heterogeneous series of alloys except at the 
terminals of the curves. Between these proportions the alloys consist 
of two constituents; the one rich in iron, the other rich in copper. Carbon 
and copper do not associate in any form and the presence of carbon in 
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iron reduces the solubility to an extent that neither steel nor cast iron 
can be satisfactorily alloyed with copper, but merely exist side by side 
as a mechanical mixture. Zinc readily unites with iron. 

The effect of iron on ordinary brass has been studied by F. Johnson, 
Comstock, Guillet, and Millington and the available data place our 
knowledge of iron brasses on a secure foundation. 

In this series the iron was introduced by means of a 10 per cent, 
iron, copper-iron alloy which was melted alongside with copper except 
in the case of alloy IF 2 , when the iron was introduced by means of a 
zinc-iron stock alloy. Other conditions of manufacture were those 
adopted throughout the series. No peculiarities or difficulties were 
encountered either in melting or in pouring. 

Cast 

The effect of 1.0 per cent., 1.5 per cent., and 2.5 per cent, iron on the 
tensile, hardness and impact strength of an alpha-beta brass of 59 per cent, 
copper content is shown in Table 6. In castings, 1.0 per cent, iron 
improves both the tensile and shock-resisting properties. No improve- 
ment of strength is to be gained by exceeding this quantity, while 
the shock-resisting properties tend to fall; particularly is this true in the 
case of alloy IF 2 . The low ductility of this alloy, however, is accounted 
for to some extent by the crystalline form of the impurities introduced 
by the zinc-iron stock alloy used, and is typical of the every-day troubles 
encountered when the impure stock alloy is used for the purpose of 
introducing iron. 


Forged Condition 

Hot working results in an all-round improvement of the tenacity 
of each alloy, having little influence on the ductility, except in the case 
of alloy IF 2 , which improvement is as expected. 

M icrostructure 

The outstanding feature is the refining effect of small quantities of 
iron on the texture. The author’s explanation is that each of the finely 
divided particles of the high melting point iron-rich particles distributed 
throughout the molten metal acts or tends to act as a nucleus for the 
germination of a primary crystal grain. The solubility content of these 
particles is not known, but they are discernible under the microscope 
only at high magnifications, when the quantity exceeds 0.35 per cent. , 
at 1.0 per cent, they are clearly visible at ordinary magnifications, above 
1.0 per cent, they begin to aggregate and become visible to the eye 
from a polished surface. 
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As cast 10 00 26 50 40 00 49 70 Fine, silky, semi- 71 Fine, slightly more 92 

cup and cone silky in appearance 

than Fi. i 

As forged 15 80 28 30 39.00 54 GO Stony, granular, un- 79 Fine, stony, semi- 110 

even vitreous 
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Fig. 6 —59 Cu, 40 Zn, 1 0 Fc 



Fig. 7. — 59 Cu, 40 Zn, 1 0 Fe. 
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Fig. 9.-59 Cu, 38 5 Zn, 2.50 Fe. 
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Fig. 6 shows the form and quantity of the iron compound present in 
alloy IFi. Fig. 7 shows the refining effect of this iron compound on 
the microstructure. Fig. 8, representing alloy IF'-^ as cast, etched shows 
that there is no further refining of the grain on increasing the iron content. 
Figs. 9 and 10 represent alloy IF3 containing 2.52 per cent, iron, unetched 
and etched respectively. Except for the presence of larger quantities 
of the iron-rich compound, no other structural changes are apparent. 
Guillet regards iron as a zinc-replacing element, 0.90 per cent, iron being 
equal to 1.0 per cent. zinc. This, however, is erroneous; nor does it func- 
tion in the same way as any of the other elements previously considered. 



Fig 10 —59 Cu, 38 5 Zn, 2.50 Fe. 


Effect of Iron on 53.3:46.7 Brass 

In view of the fact that the hardness of pure iron is similar to that of 
59:41 brass, its limitations as a hardener or a strengthener will be to 
ordinary brass containing up to 41 per cent. zinc. On the assumption 
that it is neither a copper- nor a zinc-replacing material, but exerts 
merely a mechanical effect on the mode of the crystal growth, its common 
use in high-tenacity brasses, therefore, must be that of a grain refiner 
or densener. To investigate this, three alloys were made, designated 
2F, 2Fi and 2F2. The first contained 53.3 per cent, copper and 46.7 
per cent, zinc; the second, 51.5 per cent, copper, 47.5 per cent, zinc and 
1 per cent, iron; while the last one was made up of 51.0 per cent, copper, 
47 per cent, zinc and 2 per cent. iron. The copper and zinc were adjusted 
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SO as to bring each to a similar position in the beta phase area of the 
copper-zinc constitutional diagram, assuming the iron, of course, to be 
without influence. 


Mechanical Properties 

The chemical composition and physical test results obtained are 
given in Table 7. These indicate iron to be detrimental to the 
ductility in the cast state, but beneficial when forged. It will be observed 
also, that forging lowers the yield point of alloy 2F but raises the maximum 
stress; that it increases both the yield point and maximum stress of alloy 
2Fi, and lowers both the yield point and maximum stress of alloy 2 F 2 , 
though each was treated similarly and had the same Brinell hardness in 
both the cast and the forged conditions. 

Microstrncture 

The mechanical properties of beta brass being unaffected by normal 
heat treatment — both tenacity and ductility being similar, no matter 
what the rate of cooling — the changes responsible for the peculiar test 
results, which are typical of those obtained from complex beta brasses, 
must be attributable to one or all of the following causes: 

1. Internal molecular changes or structural inversion of the 
beta constituent. 

2. Geometrical outline of the crystal grains. 

3. Mode of distribution of the iron-rich constituent. 

Actual examination proved that iron renders both the internal and 
external form of the crystal grain more regular and that this is the prin- 
cipal cause of its embrittling properties in cast brass. Forging, refining 
and effecting an interpenetration of adjacent crystal grains explains the 
improved ductility wrought by mechanical work. 

The effect of the iron-rich particles is unimportant, providing they 
are uniformly distributed and are in a fine state of division. 

Having established the functions of the third element, the effect of 
nickel on the more complex alloys may now be studied. 

Nickel- Aluminum Brasses 
Manufacture 

Constant conditions were maintained throughout and were those 
adopted in the ternary series. The nickel was introduced by means of 
the standard copper-nickel stock alloy although it may be introduced 
as an alloy of aluminum and nickel, or of copper and nickel, or in the form 
of shot nickel. 

Nickel is not detrimental to the casting qualities of this series of 
brasses, and nickel-aluminum brasses do not call for the care necessary 
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with manganese-aluminum brasses to avoid overlaps and surface 
unevenesses, brought about by rapid oxidation in the molten state. 

1.5 Per Cent, Aluminum-Nickel Brasses 

Physical Tests, — The effect of 3.0 per cent, nickel on a 1.5 per cent, 
aluminum 59 per cent, copper brass, and on a 1.5 per cent, aluminum 
56 per cent, copper brass is shown by alloys AN 3 and ANe respectively, 
Table 8. The substitution of 3.0 per cent, zinc by 3.0 per cent, nickel 
(alloy ANs) resulted in an all-round improvement of the physical 
properties, although the strength and hardness are slightly reduced. 
The increased ductility and shock-resisting properties, however, more 
than compensate for the lowered strength. 

By reducing the copper content to 56 per cent, (alloy ANc) the 
strength and hardness are improved, but the ductility and impact 
strength are reduced, so that equal physical properties may be obtained 
from ordinary aluminum beta brass. 

Structure, — While alloy 13 consists wholly of the beta constituent, 
alloy AN3 is an alpha-beta brass of approximately 45 per cent, alpha 
constituent and 55 per cent. beta. Unetched, this alloy exhibits the 
presence of a blue compound which is distributed uniformly in a finely 
divided state throughout the mass. Alloy ANe exhibits features similar 
to those of alloy AN3, except that the beta constituent now predomi- 
nates — approximately 80 per cent, to 85 per cent. — with the result that 
the hard beta crystal grains are surrounded by a thin envelope of the 
alpha constituent, which structural disposition explains the poor ductility 
and impact strength obtained. 

3.0 Per Cent, Aluminum-Nickel Brass 

As Cast. — Increasing the copper content to 60 per cent, and the 
aluminum to 3.0 per cent., the effect of nickel is to reduce the yield 
point and strength without influencing the ductility or impact strength — 
alloy ANi, Table 9. 

As Forged. — When forged this difference is reversed and alloy ANi 
gives a higher yield point, ductility and impact strength. 

Structure. — In themselves, these test results suggest nickel to be of 
little actual value and, because of the cost, judgment is against its use. 
For ordinary foundry practice, this is a sound decision, for if nickel be 
introduced into aluminum brasses without a knowledge of the structural 
changes brought about when aluminum and nickel are used conjointly, 
the results will be very disappointing. This is emphasized by the fact 
that we do not possess any information on the structural changes brought 
about by aluminum and nickel in combination. We know that 1.0 
per cent, aluminum is equal to 5.6 per cent, zinc and that 1.0 per cent, 
nickel is equal to 1.3 per cent copper, but the replacing value of zinc and 
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copper cannot be so simply calculated owing to the formation of the rich 
aluminum-nickel alloy, to which reference has already been made. 

The effect of the nickel in alloy ANi has been to restore the alpha 
constituent, the all-beta structure of alloy 15 being replaced by one con- 
taining only 60 per cent, of the beta constituent. For this reason, 
alloy ANi belongs to a different series from alloy 15 and the two are 
not comparable. 

The real value of ANi lies in the fact that it is an alpha-beta brass 
of promising unique physical properties. It is free from the period of 
low temperature brittleness, common to most high-strength brasses, 
and is highly resistant to corrosion. It possesses the mechanical proper- 
ties of the more expensive monel metal, but is simpler to manufacture. 
It retains a good strength and ductility at temperatures up to 500° C. 
It may be worked hot or cold. It is a safe alloy to forge, stamp or 
extrude, and does not require the rigid control necessary to high-tensile 
beta brasses, nor is it so readily ruined by slight overheating. It is 
peculiarly susceptible to the influence of heat treatment, however, and 
yields a Brinell hardness range from 1 10 to 285. After suitably hardening 
by water-quenching from 780° C. and tempering by reheating to 450° C. 
for 30 minutes, cooling off in the furnace, this alloy gave the improved 
physical tests shown, which compare favorably with some of the best 
made forged and heat-treated carbon steels, while it is free from 
grain weakness. 

Thus it will be seen that this alloy has a field pregnant with possibili- 
ties for the manufacture of high-strength castings which have to with- 
stand corrosion, service conditions at high temperatures and superheated 
steam at high pressures. 

4 Per Cent, Ahminum-Nickel Brass 

As Cast . — Reducing the copper content 1 per cent, and increasing 
the aluminum 1.0 per cent, alloy AN 2 , Table 12, shows that the effect of 
3.0 per cent, nickel is to yield an alloy of exceptionally high strength, 
elasticity and wearing properties but of low ductility and impact strength, 
although it exhibits a remarkably fine and close grain. 

As Forged . — After forging, the yield point and maximum strength 
are further increased without any material change in ductility or 
impact strength. 

Structure . — Structurally it is an all-beta brass and is comparable with 
alloy 15. The principal feature of the nickel is its efficacy as a grain 
refiner, apparently due to the germ effect of the high-melting-point alu- 
minum-nickel particles disseminated throughout the molten metal, i. e., 
it behaves much in the same way as iron in ordinary brass. 
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6 Per Cent. Aluminum-Nickel Brass 

To come into line with alloy ANi, i. e., to produce an alpha-b(‘ta brass 
containing 5 per cent, aluminum, it was necessary to increase the copper 
content to 70 per cent. 

As Cast . — The test results obtained from both the aluminum and the 
aluminum nickel brass of such a composition are given in Table 10. 
These show that in reproducing the ordinary muntz-metal structure from 
a 70 per cent, copper brass by the aid of aluminum, the results are nega- 
tive, for while the yield point and strength are good, the ductility and 
impact strength are poor. By further reducing the zinc content by 
3.77 per cent, of nickel, the effect has been to further increase the strength 
and restore the ductility and impact strength. 

As Forged . — In the forged condition both alloys are worthy of con- 
sideration where special strength and ductility are required. Economi- 
cally, however, these properties are not improved commensurately with 
their increased cost, which reduces their practical utility. 

Structurally y they display the features of the aluminum-nickel brasses 
previously considered, except for greater quantities of the aluminum- 
nickel particles of larger dimension. 

Iron-Aluminum Brass 

Before proceeding to study the effect of nickel-iron-aluminurn brasses, 
it is necessary to consider briefly the effect of iron on aluminum brass. 
For this purpose, aluminum brass, mark No. 6 — copper 59 per cent., 
zinc 38 per cent., aluminum 3 per cent. — will be used. Four casts were 
made, designated No 6 , AFa, AF2, and AFi, of similar chemical composi- 
tion, with the exception of the iron content which was nil, 0.50 per cent., 
1.0 per cent, and 2,0 per cent, respectively. The physical tests obtained 
are given in Table 11. The actual compositions are slightly different from 
those intended, AFa contained 0.61 per cent, iron instead of 0.50 per 
cent, and AFi 1.87 per cent, iron instead of 2.0 per cent. The other 
elements analyzed are as intended. 

Alloy AFz 

As Cast . — The effect of 0.61 percent, iron is to increase slightly both 
the tenacity and hardness, although this is unappreciable. 

As Forged . — Forging resulted in a distinct drop of both the yield point 
and the tenacity, but improved the ductility. Considered broadly, the 
effect of this quantity of iron has been very slight. 

Alloy AFi 

As Cast . — One per cent, iron effected an all-round improvement. 
Castings from this alloy compare favorably with forgings made from 
alloy 6. 
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As Forged . — Apart from a slight improvement in the ductility, the 
mechanical properties are not changed materially. 

Alloy AFi 

As Cast . — By increasing the iron to 1.87 per cent., the effect has been 
to reduce the ductility and impact strength. 

As Forged . — It behaves in every way similarly to alloy AF3, except 
that the yield point has been increased. 

Microstructure . — The structural changes due to the presence of iron 
both in the as-cast and forged conditions are similar to those found 
in ordinary brass and fully bear out the comments made. No satisfac- 
tory explanation can be offered of the fall in tenacity of alloys AF3 
and AFi by forging. These conflicting results are encountered fre- 
(juently in beta brasses of this class and the cause is a problem for 
future research. 


Nickel Iron Aluminum Brasses 

In this series, the nickel and iron may be introduced by means of 
pure nickel and a 10 per cent, iron, copper-iron alloy, or by means of 
an alloy containing 10 per cent, iron, 10 to 20 per cent, nickel and 70 to 
80 per cent, copper. The high-melting-point alloys should be melted 
down with the copper under charcoal, a little common salt stirred in 
and the zinc worked in last. 

Quantities of up to 1.0 per cent, of iron show a slight all-round 
improvement of the mechanical properties of alloys AN3 (Table 8) and 
AN 1 (Table 9) although its value here lies mainly in enabling the produc- 
tion of dense sand castings of any dimension where special strength and 
ductility are of importance. 

As Cast. — The effect of 1.5 per cent, iron on alloy AN2 is shown by 
alloy ANFi, Table 12, this quantity appearing to exert much the same 
effect as 1.0 per cent, of iron on alloy ANi, improving the strength, 
ductility and shock-resisting properties. 

As Forged . — There is little to choose between the two alloys, although 
alloy ANFi still maintains a superior impact strength. It is an alloy 
which proves particularly useful where such a yield point and strength 
are required. 

Structure.— T\iQ effect of the iron has been to increase slightly the 
quantity of the alpha constituent and to refine the grain still more. 
This is particularly noticeable in the cast condition, while as forged or 
heat treated, it has the structure of a heat-treated nickel-chrome steel. 

Nickel Aluminum Tin Brass 

Although it is common practice to introduce small quantities of tin 
into many of the special complex brasses, any advantage is conjectural. 



Table 12. — Nickel Iron Aluminum Brass 
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From an extensive investigation on the influence of tin on aluminum, 
aluminum-manganese and other complex brasses, no evidence has been 
obtained to indicate that the presence of tin in small quantities improved 
the casting of the metal or the mechanical properties, either in the cold or 
hot state; nor does it seem to affect the corrosion-resisting power. If it 
exerts any influence at all, it is to give a slight improvement to the 
elastic properties. 

Reducing the copper content of alloy ANi to 59 per cent, and retaining 
the nickel and aluminum constant at 3 per cent, small quantities of tin 
are deleterious to the physical properties; the effect of 0.75 per cent, 
tin is shown by alloy AN 5, Table 13. 



Fig. 11.— As cast Cu 59 25, Zn 34 00, A1 3 00, Ni 3.00, Sn 0 75 


Structure, — Figs. 11 and 12 illustrate the microstructure of alloy ANs 
in the cast and forged conditions. The disposition of the alpha constit- 
uent as thin boundaries around crystal grains consisting mainly of the 
beat constituent, explain the poor ductility and low impact properties. 
Forging having eliminated this structural weakness and replaced it by 
an exceedingly homogeneous close-grained one, explains the remarkable 
improvement in the physical properties that have been wrought by 
mechanical work. 

This example, together with those previously referred to in this paper, 
fully demonstrates that the full possibilities and development of any 
particular alloy or series of alloys is only possible when considered in 
close conjunction with the disposition of the microconstituents. 
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Before concluding this section, attention should be drawn to the yield- 
point figures given, which appear in some instances to be both erratic 
and contradictory. In considering the clastic properties of brass, how- 
ever, it must be remembered that there is no uniform relation between 
the proportional limit and the yield point, and that from the ordinary 
extensometer diagram, it is difficult to locate where the elastic state 
ends and the plastic state begins, or even make a satisfactory comparison 
of the form of the curves of one alloy with that of another. The 
yield point figures given^ indicate the stress to produce a permanent 
set of 0.01 in. in a 2-in. gage length, and nothing more. They have been 



Fig. 12 —As forged Cu 59.25, Zn 34.00, A1 3 00, Ni 3.00, Sn 0 75. 


included because of their common insertion by the engineer in his specifi- 
cation, although some form of dynamic stress test would serve his 
purpose better. 

Impurities 

The question of impurities in brass of any kind is problematic. The 
difficulty is to differentiate between impurities that are harmful and those 
that are not. Lead, while commonly responsible for low test results, local 
weaknesses in castings, forgings and stampings due to segregation, 
patchy appearance of castings and the like, is actually an asset in quan- 

2 The tons referred to for both yield point and maximum-stress figures are gross 
tons, 2240 lb. 
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titles up to 0.70 per cent., if homogeneously distributed, both reducing 
cost and facilitating machining without affecting the physical properties. 
On the other hand, tin, aluminum, iron, nickel, vanadium and such special 
elements of proved value may come under the heading of ‘^harmful 
impurities,^’ if present unintentionally or incorrectly alloyed. Arsenic, 
cadmium, antimony and bismuth are among the most dangerous impur- 
ities in brass, but while small quantities of these might be harmful 
singly, they may not be objectionable if in combination with one another 
or with some other particular element. 

Possibly the most objectionable impurity in high-strength brass, 
and one that does not receive the attention it deserves, is silicon. In 
no instance has the author found its presence advantageous, small 
quantities being conducive to brittleness without conferring any other 
useful property to compensate for the loss in ductility. It is one of the 
principal hardeners, and is twice as effective as aluminum, and ten times 
as effective as zinc, weight for weight. 

The real value of silicon to the brass founder is as a deoxidizer. It 
should be used in the same way as magnesium and phosphorus, which are 
among the best scavengers, but harmful if any remains in the finished 
alloy. Magnesium exerts a similar effect to silicon. Phosphorus, 
if present in quantities over 0.15 per cent., causes both blistering and 
honeycombing. Carbon monoxide, sulfur dioxide, nitrogen, hydrogen, 
and various hydrocarbon gases are present in all brass, sound and 
unsound. If the charge is overheated or directly contaminated by 
obnoxious fumes, the fumes are absorbed in excessive quantities, and their 
evolution on cooling is the principal cause of blowholes in castings. 

Problems of Manufacture 

Melting . — Briefly stated, the principal features to be observed in 
melting are; 

1. Prepare suitable stock alloys for the introduction of the more 
refractory metals. 

2. Carefully select materials, calculating the mixtures from their 
actual chemical composition and allowing for melting losses. 

3. Carefully weigh out the necessary additions and charge in their 
correct order. 

4. Avoid the use of scrap of doubtful chemical composition, particu- 
larly with regard to iron, aluminum, tin, silicon and dross contamination. 

5. Melt as rapidly as possible in a neutral or slightly reducing atmos- 
phere, but never superheat more than 20 per cent, of the actual melting 
temperature, and control pyrometrically. 

6. Avoid retention in the furnace for long periods after correctly 
melting. Where this is impossible, carefully control the temperature, 
cover with a protecting slag and adjust for zinc losses. 
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7. Mix well, but do not oxidize in so doing. 

8. Deoxidize with a little phosphor-copper or phosphor-tin just before 
casting if the alloy contains manganese; if manganese is absent, as in the 
nickel aluminum iron brasses, a little copper-manganese is beneficial 
both as a deoxidant and desulfurizer. 

9. Avoid, as far as possible, contamination with slag in the ladle. 

Crucible Melting 

When melting in the crucible, no difficulties are met other than those 
mentioned in the preparation of the development alloys. Despite the 
high cost of fuel and crucibles, this is the method most commonly used, 
and is favored because of the flexibility of temperature control, the 
ease of mixing, low melting losses and protection from dirt and obnoxious 
gases during melting. 

At the same time, the open-hearth furnace is of particular value for 
the manufacture of large castings. Where first cost permits, the gas 
producer regenerator or recuperator type is recommended. It is flexible, 
economical and efficient. The coal-fired open-hearth furnace is com- 
monly installed, but it is costly to run, and both the temperature and 
composition of the metal are difficult to control. 

The thermal efficiency of the oil-fired open-hearth furnace is, roughly, 
about twice that of the ordinary coal-fired air furnace. Lighters-up, 
furnacemen and ash removers are dispensed with and the flexibility of 
control of the furnace is a great advantage. The fierceness of the oil-flarne 
is a disadvantage to this furnace, although by the aid of a burner, 
permitting accurate regulation of both oil and air, and by the use of 
a good fuel oil, no trouble should be encountered in this direction. 

The common objection to all open-hearth furnaces for the melting of 
special brasses is the large surface of metal exposed to the furnace gases, 
which, if oxidizing or sulfurous in nature, are injurious. A few logs 
of hardwood charged during the melting-down period, an occasional 
shovelful of hardwood charcoal or anthracite, and a suitable pro- 
tecting flux, remedy this. The choice of the flux is extensive, but either 
of the following may be recommended : 

1. Equal parts by weight of plaster of paris and fluorspar; 

2. Soda ash, 30 parts; fine silica sand, 20 parts; fluorspar, 33 parts; 
borax, 17 parts, by weight. These should be ground down, 2 to 3 per 
cent, by weight of the charge being sufficient. Melting should not 
be forced. 


Electric Furnace 

This is the ideal melting furnace so far as quality of metal is concerned. 
With either the direct or indirect resistance or induction furnace, melting 
is almost automatic, zinc losses and impurity contamination are reduced 
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to a minimum, and the melting temperature is under control. The 
crucible resistance furnace is a useful melting unit, but it is costly in 
both crucibles and current. The induction furnace is flexible but costly 
in fuel consumption. The indirect arc rocking furnace, possessing the 
advantages of both the indirect resistance and induction, without the 
accompanying high melting costs, holds out greatest promise. 

Scrap 

For high-grade castings only approved scrap should be used. Where 
the chemical composition is uncertain, and when the metal is either of 
undesirable form or dirty, the scrap should be run down into pigs. 
In the recovery of brass swarf, all scrap contaminated with white metal and 
excessive oxide should be thrown to one side, and the remainder passed 
through a magnetic separator. If briquetting is possible, 2 to 3 per cent, 
of borax or plaster of paris should be mixed in and sprinkled with water 
immediately before pressing. If this procedure is not possible, the swarf 
should be mixed with 3 to 5 per cent, plaster of paris or 5 per cent, of 
the No. 2 flux mixture given above, together with a little coal dust, and 
melted with a reducing flame. 

The objection to the use of fluxes in the open-hearth furnace lined 
with ganister is the accumulation of slag which banks up the hearth 
and puts the furnace out of commission. To avoid this, the bottom 
should be flowed with a suitable flux such as plaster of paris or this 
material in conjunction with soda ash and fluorspar, according to the 
nature of the slag. 

Casting 

Ingots and Chill Castings . — Ingot molds should be short and squat 
rather than long and thin, and slightly wider at the top than at the 
bottom. Both ingot molds and chill molds should be preheated to a 
temperature of 37° to 93° C., cleaned with a steel brush and dressed with 
an organic material. When a clean, smooth skin is desired, a simple 
tallow or heavy mineral-oil dressing is recommended. For general 
work, a facing of tar followed by a mixture of dark cylinder oil of over 
205° C. flash point and powdered charcoal, and this followed by a dusting 
of fine charcoal. Polishing-in of black lead or smoking with burning resin 
or creosote oil is quite satisfactory for ingots, and does not give off 
obnoxious fumes and flames common to oil and tar dressings. 

Speaking generally, 10 per cent, superheat is a satisfactory casting 
temperature, although for heavy ingots it may be reduced to 7 per cent. 
Top-pouring through a specially prepared runner basin is recommended. 
A refractory head is an advantage, but not essential, if the caster under- 
stands his job. For the manufacture of high-class stampings or sheet, 
machining the skin of the ingot or slab may be found advantageous. 
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Green Sand^ Dry Sand and Loam Castings . — The success in the 
manufacture of any brass casting mainly depends on the selection of the 
correct molding materials and the skill of themolder. Briefly stated, the 
technical properties to be controlled in a molding sand are: (1) Bond, 

i. c., strength; (2) grain size or texture; (3) heat conductivity; (4) 
refractoriness; (5) permeability and longevity. Having once estab- 
ished a means to control and standardize the mixtures for the various 
classes of work, many of the molder^s problems automatically disappear, 
and the economies effected soon compensate for the initial expenditure 
necessary. In green-sand molding, alone, the preparation of a synthetic 
molding sand has effected an appreciable saving. 

Conditions governing the choice of mold — green, dry sand or loam — 
and the general principles of molding, are very similar to those of ordinary 
brass castings, and call for no special comment. 

Gating and Feeding . — Without doubt, these are the cardinal problems 
of the molder. Wrong gating and feeding are responsible for more defec- 
tive work than any other operation in the foundry. They call for an 
elementary knowledge of both physics and mechanics, together with 
practical experience, without which, it is impossible to make a commer- 
cial casting, z. e.j a good quality casting for the minimum expenditure 
of time, labor and materials. It is folly to attempt to lay down hard 
and fast rules, as almost every class of casting presents its own difficulties. 

The principal points to be observed in gating and the fixing of 
risers are : 

1. To fill the mold so that the stream of metal is continuous and not 
broken up on entering the mold. Wherever possible run from the bottom 
or on the level with a good head. This is particularly important in 
brasses containing aluminum and manganese, which must be cast under 
the exclusion of air as far as possible. 

2. To prevent dross from entering the mold: For flat, circular 
castings, a whirl gate is preferable; for cylinders and the like run from 
the bottom by means of a series of tangentially cut V-shaped jets; and 
for general castings, an ordinary skim gate. 

3. To arrange for a straight run of the metal and to avoid direct 
contracting on delicate cores or projections in the mold. (Avoid sharp 
angles at turning points.) 

Feeding. — 1. Mold in such a way that the heavy sections are placed 
in the upper part of the mold. 

2. Connect the heavy sections, which are shut off from the lighter 
sections, to a good feeding riser, by a section of increasing dimensions. 

3. Use chills on the thicker sections to equalize the rate of cooling. 

4. Use risers or flows of conical form appreciably larger at the top 
than the thickest section of the job. 
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5. Place risers at the highest point of the castings and directly above 
the thickest sections. 

6. It is false economy to cut down the number or size of the risers, and 
small dummy risers should be placed where dirt is likely to be trapped. 

7. Risers should be filled preferably with hot metal from another 
ladle or crucible. 

8. Where rod feeding is necessary, choose the right section of rod and 
preheat before immersing. 

Pouring Dishes . — These should be designed so that bottom pouring 
is always obtained, thus preventing the entrance of scum into the mold. 
To this end, deep pouring dishes and cast-iron plugs are an advantage. 
For large important castings, the pouring dishes should hold at least 
one-third the weight of the casting. 

Pouring . — In the final operation of pouring, the first and foremost 
factor controlling the production of sound castings is the selection of 
the correct casting temperature from the dimensions and requirements 
of the job. Never cast with less than 6 per cent, superheat, nor 
more than 15 per cent. 

The casting temperature of these alloys usually ranges between 
930° C. to 1030° C., according to the chemical composition, etc. The 
actual casting temperature, however, is best found from the copper-zinc 
constitutional diagram, adding the desired percentage of superheat to 
the melting point figure. For actual foundry use, small quantities of 
special metals (under 0.5 per cent.) need not be taken into account. 
Exceeding this amount, they should be calculated back into either their 
copper or zinc equivalents. When the alloy is complex, an actual 
freezing temperature determination is the only satisfactory method. If 
cast with metal on the cold side, short runs, low strength, brittleness, 
drawing, blowholes, cracks and mechanically contaminated oxide are 
the principal defects encountered. If too hot, there will result honey- 
combing, wrong composition, poor physical tests, weak crystal zones 
and segregation. 
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The Cracking of the Nickel Silvers in the Course of Annealing 

By E. O. Jones,* A.R.S.M., Manciiestek, England and E. Wiiiteuead, f 

Woolwich, England 

(Syracuse Meeting, October, 1925) 

During the heating of cold-worked nickel silver, the tendency of the 
material to crack is well known. The present research deals with this 
question, and may conveniently be divided into the following sections: 
Changes in these alloys during heating and cooling, determination of the 
temperature at which cracking occurs, effect of grain size, quenching 
cracks, methods of overcoming annealing cracking. The work is far from 
complete, in particular the influence of impurities on this tendency has 
not been investigated, but the results so far obtained lead to certain 
definite conclusions, which are of theorc^tical and practical importance. 

Changes in Alloys During Heating and Cooling 

During the annealing of many metals at a temperature just below 
that at which recrystallization sets in, there is evidence of some change, 
the effect of which is to harden and embrittle the material. This effect 
has been most clearly demonstrated in the cases of aluminum, copper, 
brass, and nickel silver, and appears to be a common property of cold- 
worked metals and alloys, or, at any rate, the non-ferrous ones. The 
effect would obviously offer an explanation for certain types of annealing 
cracking, but the trouble is so much more common in the nickel silvers 
than in the other alloys that some special cause should be looked for. 
There is, however, fairly good reason for believing that similar cracking 
may occur in some of the brasses; D. Bunting^ suggests that the a brasses 
toward the saturation limit are subject to a transformation closely allied 
in nature to that known to occur in the nickel silvers at around 320° C. 

Although the existence of this critical temperature range was known, 
it did not necessarily follow that this transformation was responsible for 
the trouble under investigation, so the first portion of this paper deals with 
the attempts made to determine whether other critical changes might not 
occur in these alloys. There were already reasons for the belief that such 
w6uld prove to be the case, as the mechanical properties of the nickel 
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alloys that have been annealed after cold work certainly do not, in most 
cases, lie on smooth curves when plotted against the temperature. 

The two properties selected for this part of the work were the elec- 
trical resistance and the linear coefficient of thermal expansion. The 
latter is clearly important, for if there are sudden changes of volume in 
the material at a definite temperature, there must be accompanying devel- 
opments of the internal stress, which might be responsible for the forma- 
tion of cracks. The results obtained indicate fairly definite critical 
temperatures at 320° C. and 4.25° C., as well as others at higher tempera- 
tures. As it is well established that cracking occurs below visible red 
heat, it would appear that one or both the points mentioned are possible 
causes of failure, so the next aspect of the work was the determination 
of the exact cracking temperature. 

Determination of Cracking Temperature 

The first series of experiments was conducted on rings cut from cups 
spun from sheets containing from 11 to 20 per cent, of nickel. A thermo- 
couple was attached to the ring by means of asbestos thread and the heat- 
ing, which was as rapid as possible, was effected in a gas-fired, muffle 
furnace. Even when deeply notched, to localize the stress, none of these 
rings could be induced to crack, a fact probably to be ascribed to the effect 
of the parting from the original cup, or to the manner in which the heating 
was effected. From results obtained later, there appears to be little 
doubt that both factors were operative; although for the purpose for 
which the experiments were initiated the results were purely negative, 
they did throw light of considerable value on the means of the inhibition 
of the trouble. 

In another series of tests, attempts were made to induce cracking in 
the spun cups themselves, the belief being that, even when rings were 
parted with a sharp tool, vibratory stresses were set up that had an effect 
similar to that of springing, or malleting in equalizing the cold-working 
stresses and so preventing the formation of cracks. Here again the 
results were largely negative; although many of the cups did not crack, 
all the failures occurred in the temperature range 349° C.-390° C. Once 
this range was exceeded trouble from this cause ceased. There is, how- 
ever, a point of considerable practical importance that arises from these 
results. The cups were specially prepared for this work by Messrs. 
James Dixon & Sons., Ltd., Sheffield, and were severely treated in the 
spinning, being taken very much further without annealing than would 
normally be the case and they were spun on iron chucks further to increase 
the liability to crack. There can be no doubt that all these cups would 
have cracked had the annealing been normally conducted in the flame of 
the blow-lamp; it appears, therefore, that muffle annealing is much 
less likely to produce failure than is open heating in the blow-lamp. 
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The greater liability, in the latter case, may be due to more rapid heat- 
ing — which may also be local — or alternatively to the increased liability 
to oxidation. 

Local annealing, while adjacent portions remain hard, is obviously 
likely to lead to cracking; there is also good reason for the belief that an 
oxidizing atmosphere tends to produce a similar result. For example, in 
one establishment, seriously troubled by fire-cracking, the rebuilding 
of the annealing furnaces so that the flame ceased to come into contact 
with the metal practically eliminated the trouble. 

Recrystallization and Grain Grow^tii 

As the temperature just dcdermined at which cracking takes place is 
in the neighborhood in which the recrystallization also occurs during the 
heating, it was felt that work on the grain growth would not be without 
interest. Measurements were made of the average size of the crystal 
grains for material subjected to progressively iiuTeasing amounts of cold 
work and annealed at definite temperatures for a givim length of time. 
The materials used wen' three grades of nickel silv('r, th(' analyses of 
which are given in Table 1, and in each about 250 crystals, on tlu' average, 
were included in the measured area. 


Table 1 



10 IVr Tent 
Nickel i\lloy 

l.") Per Cent 
Nickel Allo^ 

20 J'<‘r Cent 
Nickel .\llov 

Copper . . 

()1 25 

02 00 

04 S2 

Zinc .... 

27 42 

22 73 

15 S3 

Nickel. 

10 55 

14 SI 

10 03 

Iron 

0 35 

, 0 20 

0 27 

Lead . . . 

0 3S 

Nil j 

Nil 

Manganese* 

Trace 

0 00 

0 03 


Being originally in the cold-worked state', the strips w('re first softened 
at 600° C., for 3-^ hr., and cooled in the muffle. They were then rolled in 
a set of hand rolls in such a manner that for each composition incn'asing 
amounts of reduction in thickness from 0 to 80 per cent, were obtained. 
This was done by rolling the strips together with a hard-steel wedge-shaped 
plate about 8 in. long, 2 in. wide. This arrangement is illustrated in 
Fig. 1. On one strip, such a rolling would reduce the thickness from 0 per 
cent, at one end to over 20 per cent, at the other. To obtain reductions 
in thickness from 20 per cent, to over 40 per cent., the annealed strip was 
first straight rolled down to a reduction of 20 per cent, and then taper 
rolled from 20 to 40 per cent. The higher reductions were produced by 
straight rolling to near the lowest value required on the strip, followed 
by taper rolling the remaining 20, or so, per cent. Roughly speaking, 
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every inch alonj]; the specimen corresponded to a reduction in thickness 
of about 10 p(‘r (!(*nt. Two sets were then close annealed at 730"^ C., 
the time in one cas(‘ b(‘ing hr. and in the other 3j^2 and cooled in 
the closed muffle. The results are g;iven in Table 2 and plotted in Fig. 2. 



The first point to b(‘ noticed is the effect of the nickel content on the 
grain size; the gr(‘atcr the amount of nickel the smaller the crystals, dhe 
graphs of th(‘ results aft(u* annealing for ^ hr. and 3 )^ hr. show that 



the size of the grains is little greater in the latter case than in the former. 
An important point is the exaggerated grain growth due to annealing after 
too slight stressing, the maximum appearing when the specimens had 
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received an amount of cold work corresponding to a reduction in thickness 
by rolling of about 2 per cent. From the excessive grain growth at 2 
per cent., the curves fall rapidly to about 15 per cent., beyond which the 
decrease in grain size due to increasing amounts of rolling is quite small. 


Table 2. — Annealing Temperature 730° C. 




Average Diameter of Crystals, 

in Millimeters 


Per Cent. 
Reduction 

Time of Annealing Hr. 

Time of Annealing .1>2 Hr. 

by Rolling 






10 Per Cent. 
Nickel 

15 Per Cent. 
Nickel 

20 Per Cent. 
Nickel 

10 Per Cent. 
Nickel 

15 Per Cent. 
Nickel 


0 

0 080 

0 0662 

0 0319 

0 124 

0 092 

1 

0.098 

0 0075 

0.0450 

0 130 

0 093 

2 

0.101 

0.0702 

0 0511 

0 137 

0 095 

3 

0 093 

0 0040 

0 0522 

0 120 

0 0875 

4 

0 0905 

0.0608 

0 0402 

0 1195 

0 0835 

5 

0 078 

0 0578 

0 0408 

0 115 

0 078 

10 

0 067 

0 0404 

0 0340 

0.103 

0 0052 

15 

0 057 

0 0441 

0 0209 

0 100 

0 0010 

20 

0.055 

0 0387 

0 0201 

0 1003 

0 0011 

25 

0 054 

0 0347 


0 090 

0 0533 

30 

0 055 

0 0314 

j 0 0230 

0 095 

0 0523 

40 

0 051 

i 0 0292 

1 0 0221 

1 0 0935 

0 048 

50 

0 049 

! 0.0240 

1 0 0200 

0 0925 

0 0457 

55 



1 

1 

0 0895 


00 

0 045 



0 0875 

0 0433 

05 




0 0870 


70 


i 


1 0 0805 

0 041 

75 




: 0 0870 

1 

0.039 


In the commercial rolling of nickel-silver ingots, too slight a ‘‘nip’^ 
in the rolls is looked upon as being likely to cause trouble by cracking of 
the metal on subsequent annealing. This feature and exaggerated grain 
growth are probably correlated. With a slight nip, excessive crystal 
growth takes place on annealing and the material is prone to crack. 
However, on exceeding a definite pressure, a “critical reduction’^ in thick- 
ness is produced at which, on annealing, exaggerated grain growth gives 
place to normal grain growth, and failure by such cracking is avoided. 
This critical reduction in the case of nickel-silver alloys is about 15 to 20 
per cent. The cracking of ingots on annealing after slight cold rolling is 
probably the result of the difference in grain growth between the surface 
layers and the center of the ingot. Where the deformation has been most 
severe, i. 6., on the outside, small crystals are formed, while in the center 
of the ingot, where the cold work has been comparatively slight, the crys- 
tals remain small; but at some intermediate point a very coarse crystalli- 
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zation is found. The locality of the coarse crystallization is dependent 
on the exact amount of reduction and the roll diameter in relation to the 
thickness of the alloys. 



Fir.. 3. — C HACKED Erichsen test sheet: copper 63.61 per cent., zinc 15.99 
PER CENT., NICKEL 19.17 PER CENT. 



Fig. 4. — Cracked spoon blank. 


Cracking during Cooling 

So far two types of cracking have been discussed, namely the ordi- 
nary annealing cracking of cold-worked material and the cracking of 
ingots on which too little cold work has been imposed. Although these 
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two classes may have one common origin, there are sufficient points of 
difference to justify their differentiation. A third type of cracking, 
however, is distinct from either. During the preparation of a series of 
samples for Erichsen tests, from different grades of alloy, cracked speci- 
mens were found only in the case of those quenched from the annealing 
temperature ; and of these only in the case of the highest nickel content, 
namely 20 per cent. It is clear from this, and from other evidence, that 
the rate of cooling exerts a marked influence on a certain type of cracking, 
and that in the case of high-nickel alloys anything of the nature of a 
quenching may lead to serious trouble. Quenching cracks were found, 
however, only in the cases where the temperature of quenching had 



Fig. 5. — Fire-crack. 


exceeded 600° C. The cracked test sheet, 0.036 in. thick, quenched from 
850° C. is shown in Fig. 3. The two cracks present distinctive features, 
and represent two different types. The first type, represented by the 
broad crack running horizontally across the specimen, is the true anneal- 
ing or fire-crack,’^ of which another example is shown in Fig. 4. On 
examination this fracture was found to be intercrystalline and badly 
oxidized (see Fig. 5). The position of the annealing crack in the spoon 
blank is interesting. The original thickness of several cracked spoon 
blanks was measured by a pointed micrometer, together with the thick- 
ness at the crack. It was found that, as a rule, the fracture occurred 
at a reduction corresponding to that at which the small grains give 
place to grains of rapidly increasing size, indicating the effect of the 
recrystallization. 

The second type of crack, represented in Fig. 3, by the fracture 
extending inwards from the upper edge of the test piece, is from an 
entirely different cause. Like the ^‘fire-crack,” this cooling crack is 
intercrystalline, as shown in Fig. 6. The characteristic distinguishing 
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feature between the two types of cracks is that, while the fracture caused 
by fire-cracking is oxidized, the fracture of a cooling crack is quite bright. 
With much of the material supplied for this research, although the produc- 
tion of fire-cracks was a matter of the greatest difficulty, quenching cracks 
could be produced at will provided that the nickel contents were suffi- 
ciently high and that the materials were quenched sufficiently rapidly 
from a sufficiently high temperature. It is evident that the conditions, 
such for instance as composition, which render a certain material more or 
less immune from fire-cracking do not inhibit the formation of the quench- 



FiG. 0. — CoOUNd CRACK. 


ing cracks. The further interesting observation was made that for both 
(pumching and annealing cracking badly overheated or burnt material 
was mu(*h more prone to fail than was material of which the previous 
annealing had Ixmui satisfactory. 

Effeci^ of Low-temperatuke Annealing on Internal Stress 

Th(' work of Moore and Beckinsale on the removal of internal stress 
in c()ld-work('d brass suggested that an investigation on similar lines 
would be of interest in connection with the nickel silvers. There can be 
little doubt that internal stress is responsible for the cracking during 
annealing, and if it were possible to reduce this stress until it became 
inoperative cracking would be eliminated. 

One big difficulty experienced in the earlier stages of this work was the 
impossibility of obtaining material of which the initial stress was constant. 
It was soon seen that although the general type of curve obtained when 
the residual internal stress was plotted against the annealing temperature 
was constant, the numerical value of the stress left after a prescribed 
treatment was dependent on the actual value of the initial stress. In 
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the 20 per cent, nickel alloy annealed at 270° C. for 2 hr., the residual stress 
after this treatment in relation to the original stress was: 

Original stress, tons per sq. in 20 2 16 2 13 9 

Residual stress, tons per sq. in 15 0 10 6 8 3 

In these cases, the original stress was the only variable factor. 

The method finally adopted for this branch of the work, using material 
of which the analyses in Table 3 are typical, was as follows : 


Table 3. — Analyses of Nickel Silvers 



1 

Grade A, 

Grade H, 

Grade C, 


! Per Cent. 

Per Cent. 

Per Cent. 

Copper 

1 61 65 

65 50 

60 40 

Nickel. 

' 11 79 i 

16 28 

20 61 

Zinc. . 

26 02 i 

16 30 

19 34 

Tin 

0 126 

0 094 

0 095 

Lead . . . 

0 05 

0 04 

0 03 

Manganese . 

1 0 05 

0 06 

0 04 

Iron . . 

0 05 

0 07 

0 07 

Sulfur. 

1 0 04 

0 04 

0 03 

Carbon . 

0 10 

0 11 

0 08 


After carefully measuring the dimensions of the spun ring as n^ecuved, 
the ring was cut at one point, with shears, and the new curvature obtaiiu'd. 
Two small drill holes (50 gauge) were made, one at each end of the strip 
and the ends fastened together by means of soft-brass rivets. The posi- 
tion of the rivet holes was arranged so that when completed the ring would 
fit easily into a 3-in. diameter vertical electric furnace in which the heat 
treatments were carried out. From the dimensions of the riveted ring 
and the change in curvature, it is possible to calculate the tensional 
stress in the outer edge of the ring. 

When the furnace was steady at the required temperature, one ring 
from each of the series was introduced for a definite period of time, 
removed, cooled in air, and then opened by filing off the head of the rivet. 
The new curvature was obtained by tracing the curve and obtaining the 
mean of four diameters. The rings were then re-riveted, replaced in the 
furnace for a further definite period of time and the curvature and stresses 
again obtained. This process was repeated until either no further reduc- 
tion in stress was obtained or the stress was only very slight. 

As re-riveting strained the ring to the same curvature that it pos- 
sessed before the rivet had been removed, we assumed that this process 
placed the ring under the same stress as before and that, therefore, the 
time factor could be considered as additive. That this assumption is 
only an approximation and cannot be used without introducing some error 
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is obvious, but the limitations of the material available made it necessary 
to use some such intermittent method. The resulting smooth curves 
obtained by plotting stresses against temperature show that the errors 
are only slight, and yield interesting information as to the influence of 
time and temperature on the reduction of stress. 

The experiments were carried out approximately at 25° C. intervals 
over the ranges 200° 800° C. and the results are given in Table 4 and in 
Fig. 7. 

Table 4 




Residual Internal Stress, Tons per Square Inch 

AunralitiK Tciiipeni- 
tiir(‘, Doktc-cs C 

Time, Hours 

1 1 Per Cent. 
Nickel 

IG Per Cent 
Nickel 

20 Per Ceil 
Nickel 

ISO 

Tnitiiil stress 

17 27 

83.88 

1G.28 


1 

11 48 

15 73 

12 04 


2 

10 75 

14 41 

, 9 99 


8 

10 88 

12 85 

; 9 57 


4 

10 17 

12 0 

■ 9 28 


G 

10 09 

11 5 

! 9 25 

225 

Initial stress 

17 55 

24.4 

: 23 4 


1 

11 58 

' 11 8 

! 13 1 


2 

10 1 

11 3 

1 12 8 


8 

9 7 

11 2 

i 12 7 


4 


11 1 

1 11 7 


G 

0 G 

i 10 8 


250 

Initial stress 

13 G 

, 20 7 

13 05 


W 

10 1 

; 18 2 

11 3 


1 

9 5 

; 12 G 

10 5 


2 

9 8 

, 12 3 

1 10 4 


4 

8 G 

i 10 9 

i 8 9 

270 

Initial stress 

18 4 

21 4 

; IG 2 


2 

7.1 

9.2 

! 10. G 

m) 

Initial stress , 

18 4 

10 7 

j 11.0 



9 5 

1 G 2 

1 9 0 


! }’2 

8 8 

; G 2 

9 2 


1 

8 5 

5 3 

8 2 


2 i 

8 0 

4.7 

7.7 


The following formula, due to Stanfield, was used in calculating the 
tensional stress from the change of curvature: 

^ ^ dd' 

where S = stress; E = Young’s modulus; and d, d' = diameters before 
and after annealing. The formula requires a knowledge of Young’s 
modulus, therefore, as no accurate values were known, it was decided to 
make the determinations on the actual materials used. 
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Two rings from each material were carefully cut and straightened out 
as gently as possible; one of (^ach was then tested in the cold-worked condi- 
tion and the other after annealing. A Martens (ixtensometer was used, 
the tensile stress applied being imposed in a Buckton machine. The 
values obtained were 



Limit of Proportioniilitv, Tons per 

Young’s Modulus, 

Pounds per Siiuart' 

Nickel, j 

Square Inch 

Incli 

X 107 




1 


Per Cent. | 

Annealed | 

Cold Work(!d 

Ann(‘aled 

1 1 

Cold WorkiMl 

11 

9 39 

! 

9 44 

1 12 

1 25 

16 

10 65 

10 SI 

i 1.:52 

1 (U 

20 

11.01 

i IS 11 

I 

i 1 2.'-, 

1 53 


It will be noted that the values of the limit of proportionality have 
been included. No satisfactory values being generally available, it was 
thought well, during the determination of Young’s modulus, to proceed 
to the determination of the elastic limit. 

The tensile properties of nickel silvers at temperatures up to about 
350° C. are of importance in connection with the foregoing experiments. 
W. H. Dearden, M. Sc,, conducted the following tests on a 20 per cent, 
nickel alloy in the cold-rolled condition, when he obtained the following 
results. 


Table 5 


Temporal ure, 
Degrees C, 

Jjirnit of Propor- 
tionality, Tons 
per Square Inch 

Maximum Stress, 
Tons per Square 
Inch 

Elongation, I*(t 
C ent in 2 In. 

Modulus of lOlas- 
ti(‘ity, Pounds Per 
Siiuare Inch 

200 

11 9 

28 4 

25 5 

2 22 X 107 

270 

12 <S 

28 8 

24 0 

2 02 X 107 

340 

9 9 

28 3 

23 5 

1 85 X 107 


The full analysis of the material examined was: Copper 61.5 per cent., 
zinc 17.1 per cent., nickel 20.8 per cent., iron 0.25 per cent., aluminum 
0.29 per cent., tin 0.04 per cent. 

An examination of the results of the annealing experiments show that 
the value of the residual stress appears to be practically independent of 
the nickel content, but to vary slightly with the initial stress. The curves 
for all these sets of determinations are closely alike, so only one. Fig. 7, 
is shown. The stress falls off rapidly at first, especially when the initial 
stress is unusually high, and at length becomes practically constant. 
In most cases, this asymptotic value is about 10 tons per square inch, or 
slightly lower. 
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As th(^ maximum stress at these temperatures is about 28 tons per 
sq. in., it would appear to be very probable that such values' of the 
internal stress would be innocuous and cracking would then be eliminated. 
The authors would suggest, therefore, that one of the readiest means of 
overcoming trouble resulting from fire-cracking is to preheat the material 
to a temperature below that at which the cracks are produced and to main- 
tain it at that temperature for a period sufficiently long to eliminate the 
major portion of the stress. From the results here given, it would appear 
that a temperature of about 250° C. will produce this effect in about 1 hr. 
(once the temperature has been attained) or one of 300° C. in 3^^ hr. 
As there is known to be a critical point in these alloys at 320° C., it 
would probably Ix^ safer to conduct this preh('ating at a temperature 
not higher than 300° C. Dr. R. S. Hutton has shown that such a treat- 



fiG. 7. — Reduction of annealincj stress on annealing at 300° C. 

ment does appri'ciably nnluce the liability to crack during subscciuent 
hcxiting. As a result of the low temperature required, the preheating 
could b(^ done with th(^ waste gases from the annealing furnace proper at a 
very small cost of lioth time and money. 

When the annealing is conducted at a temperature higher than 300° 
C., a curious effect was observed. The actual numerical values for these 
higher temperatures are rather less certain than those for the lower tem- 
peratures, as the initial stresses varied more than one would wish; but in 
view of the fact that at 300° C. the; variation of residual stress with initial 
stress was of the order of 2 tons per sq. in. only, despite very large varia- 
tions of the initial stress, it is reasonable to suppose that as the annealing 
temperature is raised the value mentioned (2 tons per sq. in.) may be 
taken as the probable maximum variation. The curves for all three 
materials were similar in shape, despite the fact that two sets of determina- 
tions were carried out — one nu'rely taken up to the temperature and at 
once cooled and the other maintained at the temperature for 3^^ hr. One 
set of results only need be given; these refer to the 16 per cent, nickel 
alloy heated for ^ hr. (Fig. 8). 
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Temperature, degrees C Spun. 225 250 300 305 450 500 550 

Internal stress, tons per sq. in. 22 12 12.5 5.5 22 17 1 nil 

It will be noted that just above 300'' C., there is a sudden marked 
increase of internal stress; this is exactly what would be expected from the 
knowledge that around that temperature a change sets in which pro- 
foundly affects the mechanical properties. 

The stress in this particular series of measurements rises from a very 
small value to one of the order of the original stress in the spun material. 
It would appear to be nearly certain that the only possible ultimate cause 
of the fire-cracking is the fact that at the temperature of the cracking the 
internal stresses exceed the tensile strength. This may happen either by 
the latter falling while the stress remains more or less the same, or by the 
stress rising while the tensile strength remains essentially unaltered. 
It has been shown that up to 300° C. the stress falls appreciably, and 
equally clearly that the tensile strength is almost unaffected. The only 



Fig. 8. — Influence of temperature Fig. 9. — Diagram explaining cause of 
ON internal stress; nickel silver, 16 fire-cracking. 

PER cent, nickel. 

conclusion that can be reached, therefore, is that at some temperature 
above 300° C. the internal stress rises again suddenly until it may exceed 
the tensile strength of the material when failure must occur. These 
simple arguments demand that some such effect as the rise actually 
demonstrated must inevitably take place. 

A further point of importance in connection with this building up of 
internal stress above 300° C. is the effect of time. When rapidly heated 
up to the temperature, the internal stress is much higher than when the 
alloy is allowed to soak at the temperature. The following figures illus- 
trate this effect. The 16 per cent, alloy, when rapidly heated to 450° C. 
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and not soaked, was stressed internally to the extent of 38 tons per sq. 
in., a value exceeding the maximum stress in pure tension; after soaking 
at that temperature, the stress was reduced to 17 tons per sq. in. At 
just over 300° C., for the 20 per cent, nickel material, the respective 
stresses were 31 and 25 tons per sq. in. It is clear that at such tempera- 
tures the material is stressed to within a very small range of the maximum 
stress and it is not difficult to realize that anything which is enabled to 
increase the internal stress will appreciably lower the chance of the mate- 
rial to withstand cracking. The fact that the rapid heating in the open 
flame of the blow-lamp is much more liable to crack the same material 
than is annealing in a closed muffle thus finds a rational explanation. 

Summary and General Observations 

It has been shown that nickel silvers may crack either during the heat- 
ing or while cooling after annealing. TIk' former is the usual fire-crack 
and is characterized by the fact that it is clearly oxidized. If the cooling 
rate is high, as in quenching, cracking may again occur; these cracks, 
however, are unoxidized and clean. Especially in the case of alloys of 
high nickel content is the trouble that may arise from cracking in quench- 
ing serious. It does not appear that the (pienching crack is produced 
unless the temperature from which the material has been cooled has 
exceeded 000° C. 

It has been shown that the typical fire-crack occurs at a temperature 
around 350° C. Probably the trouble is associated with the fact, dis- 
covered by Le Chatelier, that in these alloys a change takes place around 
320° C. If this temperature is safely passed, the chances of cracking 
during further heating to a higher temperature are exceedingly small. 

It has been shown that the conditions under which the specimen is 
heated exert a marked influence on the tendency to crack. The more 
gradual and uniform the heating, the less likelihood is there that the arti- 
vU) will develop cracks. Contact with flame is liable to cause cracking. 
One manufacturer found that by close annealing in a muffle furnace there 
was much less wastage from this cause than occurred in furnaces in which 
the flame came into actual contact with metal being annealed. The same 
fact was clearly discerned in the work recorded on the temperature at 
which the cracks were formed. Cups of severely spun alloys that cracked 
with the utmost readiness when annealed in the flame of a blow-lamp 
resisted most obstinately to crack when heated in a muffle. 

Other causes of increased tendency to crack are: (1) Impure metal, 
especially where there is much impurity in the form of inclusions of oxides, 
slag, graphite, lead, tin-bearing constituents, etc. Quite apart from 
chemical composition in the ordinary sense, “dirty'' metal due to casting 
conditions is very likely to crack. The “non-cracking" nickel silvers 
are all very pure and it is to their chemical purity and careful melting and 
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casting that their special properties appear to be due. (2) Unequal 
stresses are a very common cause. This is specially found in cross- 
rolling where such inequality is inevitable; badly aligned rolls with worn 
surfaces also are a common cause. By careful attention to the rolls in one 
works, cracking was appreciable reduced. 

It has been shown that in the annealing of nickel silver, the phenome- 
non of critical grain growth occurs. For a certain degree of deformation, 
very large crystals appear on annealing; while when the amount of work is 
greater or less the grain size is much smaller. Annealed cross-rolled spoop 
blanks show the effect well; and it is at least probable that this grain 
growth plays an important part in the cracking that occurs. The phenom- 
enon is also the probable explanation of the well-known fact that ingots 
which have received too little reduction in breaking down before they are 
annealed tend to crack badly. The amount of reduction Required to give 
the critical growth is quite small, about 2 per cent, reduction giving the 
coarsest structure. The shearing of blanks, and similar operations, 
always yield material near the surface that has receiv(‘d this critical 
deformation and which, therefore, on annealing will give excessively 
large crystals. 

It has been shown, as Doctor Hutton first suggested, that an annealing 
at a low temperature, below that at which the cracks are formed, will 
reduce the internal stresses to such a limit that cracking will not occur. 
Further, such a treatment will tend to equalize the stresses with th(' result 
again that they will be less harmful. By heating the metal to 250° 
and by keeping it at that temperature for about 1 hr. the stresses are 
reduced to a limit at which they are most unlikely to cause trouble; 
at 300° C., \'2 hr. is sufficient. These results offer a ready means of elim- 
inating this trouble. A sufficiently high temperature could be attained 
in a furnace heated by waste heat from an annealing furnace^, and the cost 
of treatment should be quite small. 

An explanation is offered of the cause of fire-cracking. At a tempera- 
ture slightly above 300° C., the incidence of the transformation found usu- 
ally around 320° C. causes a rapid and marked rise in the internal stress. 
In the material dealt with in this paper, this never attained the tensile 
strength; but its near approach to that value indicates that in other 
material the latter value might be attained when cracking must occur. 
Anything that would cause local concentration of stress would lead to this 
result. For instance, the presence of insoluble impurities by setting up 
such localized stress concentrations would effect this result, and the need 
for pure alloys is at once explained. Slag or oxide due to poor foundry 
conditions will obviously act in exactly the same way. As it is shown that 
starting with a material initially very highly strained the residual stress is, 
at all temperatures, below that at which it is entirely dissipated, higher 
than the stress remaining from less severely worked metal, it is easy to 
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visualize the effect of this in its increased tendency to cause cracking. 
There can be little doubt that all material will be internally stressed 
nearly to the breaking point, and anything that is calculated to result 
in this being more nearly approached is dangerous. Local irregularities 
of stress due to any cause will add just that small amount of additional 
stress at the cracking temperature, which will make all the difference 
between failure and success. A diagrammatic illustration of this hypoth- 
esis is shown in Fig. 9. 
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DISCUSSION 

Wm. B. Price, Waterbury, Conn. — This whole phenomena of fire- 
cracking is simply a question of uneven expansion and contraction and is 
tied up with the rate of heating or cooling and the amount of reduction 
prior to the annealing. The magnitude of the stresses is governed by the 
amount of reduction. A proper correlation of the rolling and annealing 
schedule will rectify the trouble without special low-temperature anneal- 
ing to relieve the internal strains. There are zones of compression and 
non-compression in nickel silver, depending on the amount of reduction, 
and the rate at which this metal expands or contracts on heating or 
cooling is governed by these zones. Fire-cracking in the manufacture 
of sheet metal, tubes, and manufactured articles is the result of insufficient 
reduction of the metal. 
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Amorphous Cement and the Formation of Ferrite 
in the Light of X-ray Evidence 

By Francis B. Foley,’*' Chattanooqa, Tbnn. 

(Syracuse Meeting, t October, 1925.) 

From the point of view of the metallographist, the adaptation of 
x-rays to the study of the crystal structure ©f metals is of the greatest 
importance. While one may hardly consider the findings resulting from 
x-ray study as revolutionary, their positive nature, compared with the 
deductions we have been forced to accept from the work that had 
gone before, gives firmer ground on which to build and furnishes new 
fields for speculation. 

Prior to the advent of the crystallogram, the best work on the crystal 
structure of steel was that of Osmond and Cartaud.' They concluded, 
from their investigation with percussion figures formed at various tem- 
peratures, that alpha, beta, and gamma irons belonged to the cubic system 
and that they showed well-marked specific characteristics and could 
not have the same internal structure. What the internal structures were, 
they had no direct method of determining; but from a consideration of the 
fact that the 001 plane (that parallel to the cube face) is a plane of per- 
fect cleavage and minimum hardness in alpha iron and that the 111 
(octahedral) plane is by far the most important in the crystallography of 
gamma iron, they were led to suggest the simple cubic arrangement as that 
of alpha and the face-centered cubic arrangement as that of gamma 
iron. They suggested the body-centered cubic arrangement as that of 
beta iron. 

The atomic arrangement of the various crystal forms of iron has been 
quite definitely determined in recent years by means of x-rays and the 
work of Westgren^ and Westgren and Phragm^n® has been rather con- 
clusive. They not only determined the atomic arrangement of alpha, 
beta, and gamma iron but also that of the high-temperature modifica- 
tion delta. 

* Metallurgist, Lucey Manufacturing Corpn. 

t Fall Meeting Institute of Metals Division. 

1 F. Osmond and G. Cartaud: Crystallography of Iron, Jnl. Iron and Steel Inst. 
(1906) 71 , 4^; also Trans. (1906) 37, 813. 

* Westgren; Jnl. Iron and Steel Inst. (1921) No. 1, 303. 

Westgren and Phragm^n; Jnl. Iron and Steel Inst. (1922). 
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Alpha iron was found to be body-centered cubic, beta the same as alpha, 
gamma iron was found to have a face-centered cubic arrangement, and 
delta body-centered, the same as alpha. The length of the edge of a 
fundamental cube of delta iron was found to be greater than that of 
alpha iron but only by an amount that could be accounted for almost 
exactly by thermal expansion, so that were it possible to preserve alpha 
iron throughout the temperature range up to the melting point one would 
find only a gradual increase in the size of the fundamental cube. Of 
course, the face-centered gamma arrangement intervenes and perhaps the 
reason for its existence will be found within the atom itself. So we 
have no simple cubic arrangement of atoms in iron, as was suspected by 
Osmond and Cartaud, but only two forms — the face-centered and body- 
centered lattices. Beta iron, as a crystallographic entity, thus ceases 
to exist. 

Austenite has long been considered to be a solution of carbide of iron 
(FesC) in iron; oj-ray results lead us to doubt not only that FesC exists in 
austenite but that austenite is truly a solid solution. Of course, much 
depends on the definition of solid solution. If we accept as requisite 
to solid solution the replacement in the space lattice of an atom of the 
solvent by a solute atom, austenite is not a solid solution for the carbon 
atom has been found to occupy a position between corner atoms half way 
along the edge of the cube, the lattice itself being made up entirely of the 
metallic atoms, mostly iron of course. This arrangement of the atoms in 
austenite does not preclude the possibility that there may be a chemical 
bond between three adjacent iron atoms with a carbon atom, but it is 
difficult to see where this makes much difference. We know that carbon 
diffuses quite rapidly in austenite and diffusion is facilitated by the small- 
ness of the atom and by its position in the structure. It is rather difficult 
to conceive of the diffusion of carbon as a carbide molecule but, on the 
other hand, it is easy to visualize it as a movement of the atom; and, if 
chemical bonds hold the carbon to iron atoms, this means the breaking 
of the chemical bond with one or more iron atoms and the re-establish- 
ment of bonds with other iron atoms. As segregation is the result of like 
atoms grouping locally in a substance, so diffusion is the effort of like 
atoms to get as far away from one another as possible — one is by an 
attractive force, the other apparently by a repulsive force. One wonders 
why the looser packing of atoms in the body-centered cubic alpha iron 
gives way under the influence of heat to the closer face-centered cubic 
arrangement of 'gamma iron, and why this in turn again reverts to the 
loose body-centered arrangement of delta iron. One wonders also whether 
cementite is formed again in delta iron as it is in alpha iron. 

Long accustomed to speak of cementite as FeaC, the x-ray examination 
of cementite tells us that cementite is orthorhombic, its fundamental unit 
being comprised of sixteen atoms — twelve iron and four carbon ^in other 
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words of four of the chemist’s molecules of FeaC. To quote Thomson:^ 
‘'the term molecule when applied to the solid state is quite ambiguous with- 
out further definition.” We seem to be on surer ground, for the present 
at least, in dealing with crystalline matter from the physical point of view. 

Figs. 1 and 2 represent, respectively, the lattices of alpha and gamma 
iron, the dimensions given being those determined by Westgren. In Figs. 3 



Fig. 1.- -Space lattice of alpha Fig. 2. — Space lattice of gamma iron. 

IRON. 


and 4, the positions of the atom centers are replaced by spheres represent- 
ing the atoms so that in Fig. 3 (alpha) the body-center atom touches all 
eight comer atoms and in Fig. 4 (gamma) the face-center atoms touch the 
four corner atoms. It is only with reference to a single fundamental cube 
that one may designate certain atoms as corner, body-center, or face- 



Fig. 3. — Body-centered Fig. 4. — Facb-cen- 

CUBIC PACKING, ALPHA IRON. TERBD CUBIC PACKING, 

GAMMA IRON. 


center atoms — their identity is lost in the crystal aggregate. The sphere 
is used as a convenience only in illustrating the atom; actually the atom is, 
as Doctor Aston^ puts it, as empty as the solar system, its constituent 


* Sir J. J. Thomson: The Electron in Chemistry, The Franklin Institute, 1923. 

* NaturCf Nov. 25, 1922. 
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charges, protons and electrons, filling not the million millionth part of 
its volume. 

How does one fit the ideas built up in the past from insufficient data 
to the results obtained with this new tool? Take, for example, the forma- 
tion of austenite from liquid steel. A portion of the equilibrium diagram 
of the carbon-iron system (delta iron is omitted for convenience) is shown 
in Fig. 5. The freezing of a steel of C per cent, carbon has commonly 
been described substantially as follows: The freezing is selective, starting 
at temperature t' by the formation of crystal nuclei! of relatively pure iron 
(carbon C per cent.). As the temperature falls, crystals of higher carbon 
content form and attach themselves to the growing nuclei! until, at 
temperature t", the solid crystals have an average carbon content of C" 
per cent., and with further drop in temperature to I" ' the addition of crys- 
tals of still higher carbon have increased the carbon in the solid crystals 



P’lQ. 5. — Portion of Fe-C equilib- 
rium DIAGRAM. 



Fig. 6. — Crystal for- 
mation BY blocks. 


to C" ' per cent, and so forth, the process ending with the complete solidifi- 
cation at temperature t" with the crystalline mass averaging C per cent, 
of carbon. This process has been illustrated by means of cubes.® As a 
result of this block method of illustration, an amorphous intercrystalline 
cement has been postulated as existing between the individual crystals. 
Without sufficient room in which to form a cube, certain liquid atoms are 
said to be unable to adjust themselves in accordance with the crystal pat- 
tern and therefore fail to crystallize, remaining amorphous. T o the left , in 
Fig. 6, is a crystal face made up of twelve fundamental face-centered 
cubes (they might, as well, be body-centered for our present purpose). 
The circles represent atom centers — the units are represented as blocks 
for the sake of clearness in illustration. The blocks to the right represent 
crystal units, which we will imagine as being in position to attach them- 
selves to the crystal face. If they make contact with the crystal face 
what will happen ? The corner and face-center atoms of the units become 
superimposed on the correspondin g atoms of the crystal face! The only 

• Rosenhain: Introduction to Physical Metallurgy, Fig. 14, Plate IV (1919). 
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way we can attach these units to the crystal face is by bringing atoms in 
to the positions indicated by x and having the units take up a position, as 
shown, one cube distance from the crystal face. By such a process we 
should have crystal growth taking place atom by atom and at the same 
time cube by cube. If it is necessary to have this happen partly atom by 
atom, and it cannot progress cube by cube, why consider the cube at all 
except as the nucleus? 

What happens to amorphous intercrystalline cement when crystals 
are built up atom by atom instead of a cube at a time? Two dimensions 



Fig. 7. 

are all that can be clearly shown in two dimensional pages and three 
crystals have been so constructed in Fig. 7. The three crystals were 
started at random points and directed so as to join at boundaries set at 
120° apart; the arrangement is face-centered, as in austenite. When the 
crystal boundaries are reached, a space may be found that will accommo- 
date an atom but crystal centers of two adjacent crystals may happen in 
that space. Of course if there is room for an atom, there is one there 
somewhere — it becomes a matter of placing it. Where one position 
seemed more stable than the other, where it could touch two other atoms 
in one crystal rather than only one atom in the other, a solid atom is 
drawn about the center and the alternative position is shown dotted. 
Where there seemed no choice, both positions are shown by a dotted atom. 
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Sometimes two atoms are to be placed in three alternative positions; 
then the same scheme is applied. Some voids are left where no atom may 
fit; whether such voids exist or not is a question. Perhaps such spaces 
are filled by a slight spreading of the atoms adjacent to the boundaries, 
which would lead to a slight disregistry of the atoms in the neighborhood. 
This is all we can see of an amorphous intercrystalline cement. But 
why is it necessary to postulate or account for such amorphous material? 

It has been shown that when metals are parted at low temperature, 
the path of rupture is transcrystalline; and that when it is parted at 
elevated temperatures, the rupture is intercrystalline To explain this 
amorphous cement has been invented. It is said that amorphous mate- 
rials generally are hard and unyielding like glass, when cold, but become 
plastic and flow readily when hot. Therefore an amorphous cement 
between crystals would be unyielding at low temperatures and fracture 
would occur through the body of the crystals; but at elevated 
temperatures, the amorphous cement would become weaker than the 
body of the crystals and the path of rupture would follow the crystal 
boundaries. Then we have the block system of crystal formation and 
growth to account for the cement, necessity being the mother of 
invention. Was there any necessity? 

There are no fixed crystal boundaries at elevated temperatures. 
Under the influence of temperature, crystals grow; as shown, this growth is 
an atom by atom procedure. One crystal robs another, its neighbor, and 
it becomes a survival of the fittest. The little fellows are probably wiped 
out quickly and, in time, it becomes a battle of giants. One can readily 
conceive of the crystal boundaries as being the weakest point in the struc- 
ture and the point to fail when stress is applied. At the moment of 
stress application, there are atoms at the grain boundaries loosely held by 
adjacent crystals, having parted company with one and not yet settled in 
the lattice of the one to which they have been drawn. Conceivably such 
loosely held atoms may fly off into the air when hot metal is ruptured. 

The rc-ray seems to show that no amorphous films are formed by cold 
working the surface of cold metals; slip interference satisfactorily explains 
the raising of the elastic limit by cold working (heretofore explained by 
the production of amorphous films at planes of slip) and amorphous metal 
is not essential to the explanation of intercrystalline weakness at high 
temperatures. The amorphous theory, as concerns metals, seems weak 
at all temperatures. 


The Formation of Free Ferrite 

It is interesting to consider the formation of free ferrite in the light of 
our present knowledge. It, of course, forms only in hypo-eutectoid steels. 
We know that, as a general rule, free ferrite forms an envelope about 
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masses of pearlite and gives a network appearance in a plane section. 
No doubt the ferrite envelope occupies the position of the grain boundaries 
that existed in austenite from which the pearlite-ferrite aggregate formed. 
Many of us have thought of the free ferrite as a constituent that is rejected 
by the austenite to its grain boundaries at a proper temperature during 
cooling (the Ars). Nowadays we visualize something of the sort of thing 
shown in Fig. 3 as ferrite, or alpha iron, and find it rather difficult to imag- 
ine such aggregations of atoms as being rejected from a crystal structure, 
such as that of gamma iron (Fig. 4) — we are hardly able to conceive of such 
aggregations as migrating through another lattice arrangement. The 
more rational explanation of the formation of a constituent such as ferrite 
is based on a movement of single atoms. 

The change from gamma to alpha iron isallotropic and much hinges on 
the definition of allotropy. If one holds to the rejection idea, in which 
alpha iron forms in austenite and is then rejected as a foreign body to the 
exterior of the crystal, it practically amounts to saying that the atom itself 
undergoes allotropic change because it is almost inconceivable that one 
crystalline arrangement is passing through another in such a process. 
The word almost ” is used advisedly, for we are aware of the mixed orien- 
tation that exists in interpenetrating twins. The best criterion of allo- 
tropy is, doubtlessly, the change of crystal form; and it is on this basis 
that most metallographists have discarded beta as an allotropic form of 
iron — not, to be sure, on this basis alone, but this is perhaps the point on 
which it has in most cases been rejected. The atom certainly changes its 
crystal habit when passing from gamma to alpha, and it seems reasonable to 
believe that something happens within the atom to cause this change. 
We also believe a change takes place within the atom when iron passes 
from the magnetic to the non-magnetic state and the existence of isotopes 
has been demonstrated. But these last are undoubtedly of a different 
character than that which produces a different crystal habit and which 
we designate as allotropic. But allowing that allotropy resides within 
the atom and that it is not necessary that atoms be grouped in a body- 
centered arrangement in order to be designated as the alpha form, so that 
a lone atom may transform, it hardly seems likely that atoms born in the 
center of a gamma crystal would be forced to the exterior of the crystal 
before meeting with others of their kind to form crystal units of alpha iron. 
However, alpha iron is usually (not always) found occupying the position 
of the boundaries of old austenite crystals, and our argument is that fer- 
rite is not formed within the crystals and rejected to the grain boundaries 
but forms at the exterior of austenite crystals. 

Other things being equal, particularly as regards carbon distribution, 
the grain or crystal boundary is the place where recrystallization would 
be most apt to start. First of all, the atoms at crystal boundaries are 
freer to assume a new orientation because such atoms, as pointed out ear- 



DISCUSSION 


857 


Her in this paper, are continually engaged in the process of adopting new 
orientation incident to crystal growth and may, as well, set up the new 
crystal structure that is their habit under the temperature conditions 
prevailing. A second reason may be found in a consideration of the avail- 
able energy at the surface and that within the body of a crystal. This 
will be made clear by reference to Fig. 2. A corner atom within a crystal, 
such as A, touches twelve other atoms and its energy is disseminated in 
eight adjoining cubes. Every atom within the crystal is situated in the 
same manner. Fig. 2 is a conventional drawing and B is shown as a face- 
center atom but, leaving out the dotted and solid lines, its relative 
position is not different than that of A. At the crystal face, however, 
there is a difference. An atom on the face of a crystal, such as Fig. 2, is 
touching but eight other atoms and has its energy disseminated within 
four units. It appears to have available energy in excess of that neces- 
sary for it to hold its position in the lattice; this energy is available for the 
start of recrystallization. 

We know that ferrite (alpha iron) does not always occupy the position 
of the grain boundaries of the austenite. In cast low-carbon steels we 
have seen a network of pearlite enclosing ferrite areas. Again, in the case 
of WidmanstMtian structure, ferrite is found in what were the 111, or octa- 
hedral planes of the austenite. Both these cases may be explained, at 
least in part, by the predominance of iron atoms at the nucleii of recrys- 
tallization. According to Westgren, the carbon atom occupies a position 
between corner atoms along the cube edge. Thus any plane parallel to 
the cube face (001) contains carbon atoms. None will be found in the 
octahedral plane, which will be made up entirely of metal atoms. This 
seems an interesting observation in connection with the formation of 
Widmanstattian structure. 

In the case of the formation of ferrite at the crystal boundaries of 
austenite, it is easy to visualize the atoms that have been taking part in 
the process of grain growth as forming the nucleii of the new allotrope — 
alpha. In the new lattice, there is no room for the carbon atom, which 
must find its way into the untransformed gamma lattice. The gamma 
lattice is progressively broken down to add atoms to the alpha nucleii 
and thus the carbon atoms are thrust toward the center of the crystal. 

DISCUSSION 

E. E. Thum, New York, N. Y. — The structures shown in Fig. 7 can 
be readily made in the kitchen. Place a dishpan containing a couple of 
inches of water, a piece of ivory soap, and a dish mop (one that has a 
wooden handle, and a tuft of cotton thread at the end of a piece of twisted 
wire) over a gas jet. Then as the water heats, a stream of fine bubbles, 
apparently exactly the same in size, will rise to the surface from the point 



858 AMORPHOUS CEMENT AND THE FORMATION OF FERRITE 

where the twisted steel enters the wooden handle. These bubbles collect 
in blocks, perfectly arranged in a geometric pattern, and float around, 
finally attaching themselves to the edges of the pan or the floating wood. 
You will get a typical arrangement, such as is shown in Fig. 7, with the 
intercrystalline cavities shown here; but there is no suggestion of amor- 
phous cement in such a bubble aggregate, that is to say, the geometric 
arrangement is apparently perfect even out to the intersection. You can 
shove these bubble groups around with a knife and see the development of 
slip planes, and you can get a close picture of many ideas that have been 
introduced into the literature of x-ray investigation and theoretical metal- 
lurgy. One thing to remember is that bubbles of this sort are different 
from atoms, they have only a slight gravitational force acting from a dis- 
tance; if this were not so they would not aggregate themselves into one 
orderly mass. 
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The Current Theories of the Hardening of Steel 
Thirty Years Later 

Albert Sauveur* 

(New York Meeting, February, 1926 ) 


My first paper dealing with the theories of the hardening of steel by 
rapid cooling was published in the Transactions of this Institute in 1896 — 
30 years ago — under the title “The Microstructure of Steel and the Cur- 
rent Theories of Hardening/^ hence, also, the title of the present paper. 
It was extensively discussed and was, I believe, one of the starting points 
of many subsequent papers and discussions of the same subject, dis- 
cusssions which at times became almost violent and which led to the for- 
mation of different schools such as the “Carbonists’^ and the “Allo- 
tfopists.'^ Some of the older members of the Institute, who took part in 
the debate or who were interested observers, will, I am sure, have kept 
a vivid remembrance of it. The controversy gradually quieted down, 
apparently for lack of ammunition, without any side acknowledging 
defeat. Recently, however, interest in it has been revived through the 
claims of some that these vexed questions had at last been solved. 

In an effort to ascertain if possible the prevailing view of those best 
qualified to express an opinion a questionnaire was submitted to the 
following gentlemen: 


J. 0. Arnold 

Sir Robert Hadfield 

Edgar C. Bain 

W. H. Hatfield 

Carl Benedicks 

Samuel L. Hoyt 

N. Belaiew 

K6tard Honda 

H. M. Boylston 

Zay Jeffries 

Harry Brearley 

H. Le Chatelier 

G. K. Burgess 

H. H. Lester 

William Campbell 

Francis F. Lucas 

H. C. H. Carpenter 

John A. Mathews 

Pierre Chevenard 

A. McCance 

P. Dejean 

Albert Portevin 

C. A. Edwards 

Walter Rosenhain 

F. Giolliti 

Bradley Stoughton 

G. Grenet 

F. C. Thompson 

Leon Guillet 



* Gordon McKay Professor of Metallurgy and Metallography in Harvard Uni- 
versity. 
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The questions asked were : 

1. What in your opinion is the nature of martensite and what causes 
its hardness? 

2. What are the conditions necessary for its formation, and the 
mechanism of that formation? 

3. If you believe it to be a solid solution of iron and carbon, or of 
iron and the carbide FesC, what position do you think the carbon atoms 
or the carbide molecules occupy in the space lattices of the crystals? 

4. What part, if any, do you think that strains play in the hardening 
of steel? 

It is very gratifying to be able to report that 23^ of the 29 eminent 
metallurgists consulted were good enough to reply, and I desire to place 
on record my sincere appreciation of their invaluable cooperation. The 
answers received from these gentlemen will be found in full in an appendix 
to this paper. They constitute an important symposium of the Harden- 
ing Theories. 

Armed with the up-to-date information these answers brought me, 
I propose to discuss briefly and as impartially and as clearly as I can, 
the phenomenon of the Hardening of Steel. 

Austenite 

Since the hardening of steel is obviously due to a transformation of 
austenite into the condition existing in hardened steel, it seems advisable 
at the outset to recall the nature of that constituent. While austenite 
is quite universally believed to be a solid solution in which the iron is in the 
allotropic condition known as gamma, opinions differ as to the condition 
of the carbon dissolved in this gamma iron, some believing that the car- 
bon is present in atomic dispersion, others that it exists as the carbide 
FesC or cementite. From the answers received in regard to the condition 
of the carbon in martensite considered as a solid solution, soon to be dis- 
cussed, it is, I believe, warranted to conclude that a greater number of 
those consulted believe that carbon in austenite is present as carbide 
compared to the number of those who believe that it is present in atomic 
dispersion. 

It is evident, however, that at the very outset of our inquiry we face 
a decided difference of opinion on a rather vital point, and that we must 
proceed by assuming that austenite is a solid solution of carbon or of the 
carbide FeaC in gamma iron. 

Martensite 

The constituent found in hardened steel and to which it is believed 
the hardness of the steel is due has been called martensite. It generally 


^ Chevenard and Portevin sent a joint reply. 
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occurs in the form of fine needles. Obviously those martensitic needles 
result from the transformation of austenite under certain conditions soon 
to be considered. 

A sharp distinction should be made, however, between hardened 
(martensitic) steel and martensite because the former never consists 
exclusively of martensite. Hardened steel is an aggregate. It does 
necessarily contain martensite, and it is possible that it owes its hardness 
chiefly, if not wholly, to its presence, but it also contains one at least of 
the following constituents: undecomposed austenite, troostite, cementite 
or ferrite. I am not aware that the x-ray spectrum of martensitic steel 
has ever failed to reveal the presence of gamma lines, that is, of austenite, 
while cementite lines very frequently occur. From the contention that 
martensite is a solid solution, hence a homogeneous phase, it would not 
follow, therefore, that hardened (martensitic) steel is a solid solution. 

On the reasonable assumption that hardened steel owes a great part 
of its hardness at least to the presence of martensite, let us examine the 
evidences we have throwing light upon the nature of martensite and the 
conditions necessary for its formation. 

Since martensite is obviously an alloy of iron and carbon we are 
naturally concerned with (1) the condition of the iron present in martens- 
ite; (2) the condition of the carbon present in martensite; and (3) the 
nature of the bond uniting the iron and the carbon. These are fundamen- 
tal considerations and we shall not be able to proceed very far unless the 
questions involved can be satisfactorily answered. 


Condition of Iron in Martensite 

We know that iron may exist in two at least, and some believe in three, 
allotropic forms; namely, gamma, beta, and alpha iron. I intentionally 
disregard the possible existence at a very high temperature of a fourth 
variety, delta iron, in steels containing less than 0.38 per cent, carbon, as 
I do not believe that anyone has ever claimed that delta iron was 
present in martensite. 

Assuming, then, the possible existence at room temperature of three 
allotropic forms of iron, there are seven mathematical possibihties in 
regard to the condition of iron in martensite as follows : 

1. Gamma iron 

2. Beta iron 

3. Alpha iron 

4. Partly gamma and partly beta 

5. Partly gamma and partly alpha 

6. Partly beta and partly alpha 

7. Partly gamma, partly beta, and partly alpha. 
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Honda. — ‘'Martensite is a solid solution of carbon in alpha iron, 
or atomically expressed, it has a body-centered cubic lattice, as in 
ferrite, but with carbon atoms in the interspace of the lattice.'^ 

Bain. — “Mechanically, freshly formed martensite may resemble a 
true solid solution of carbon in alpha iron . . . 

McCance. — “Martensite in my opinion is an enforced solution of 
carbon in a mixture of iron and gamma iron . . . '^ Also, “ I believe that 
the carbon atoms exist at the center of unit cubes . . . ’^ 

The claim that molecules of the carbide FeaC cannot be present in 
solution in gamma or alpha iron for lack of room to accommodate them 
between the iron atoms in the space lattices, while difficult of refutation, 
fails to carry conviction. Some of us feel that our knowledge of these 
space lattices and of the constitution of matter in general is not sufficiently 
intimate to warrant any such dogmatic statement. Lester at least 
conceives the possibility of placing these molecules of carbide in the space 
lattices (see Lester ^s reply). 

Campbell refers to the presence of both carbon and carbide in 
martensite. 

Campbell. — ^‘Martensite is ferrite or perhaps alpha iron, with a small 
amount of carbon in solid solution and containing iron carbide in a very 
fine state of dispersion . . . '^ 

Sir Robert Hadfield, Mathews, and Stoughton admit that they do 
not know. 

Sir Robert Hadfield. — “Martensite (martensitic structure) is 
believed to be a solid solution of carbon or of carbide in alpha iron. 
Sufficient evidence does not seem to have been accumulated that would 
enable anyone to determine definitely . . . whether the carbon, when 
in solid solution exists as atoms of carbon or molecules of FejC.^' 

Mathews. — “I consider martensite as a solid solution, but whether 
of carbon or carbide I am not yet certain . . . 

Stoughton. — “ . . . have used the general term of iron with 
carbon, without intending to indicate thereby any prejudice against 
a belief in a solid solution of iron with cementite.’^ 

From the answers received from Belaiew, Chevenard, Guillet, Hoyt, 
and Portevin, the view favored by these gentlemen in regard to the 
condition of the carbon in martensite is not clear. 

Summing up, it is apparent that a substantial majority of those 
consulted are inclined to believe that carbon is present in martensite 
in the form of the carbide FeaC, and that it is justifiable to conclude 
that it is the prevailing view. 
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Bond Uniting Iron and Carbon 

The third fundamental consideration deals with the nature of the 
bond uniting iron and carbon in martensite. 

Martensite must of necessity be (1) a definite chemical compound, 
(2) a colloidal solution, (3) a solid solution, or (4) an aggregate. 

One metallurgist, Arnold, has claimed that martensite was a definite 
chemical compound, namely, the carbide Fe 24 C. He has had few 
followers and his hypothesis is generally held untenable. One at least 
of the gentlemen consulted, namely, Grenet, considers the possibility of 
martensite being a colloidal solution when he writes: 

^^This extreme fineness at which structural equilibrium ceases to be 
distinguishable from physico-chemical equilibrium characterizes, in 
my opinion, the colloidal state. And the term colloidal aggregate is 
better suited, I believe, to the aggregates designated as martensite than 
to the aggregates called troostite and sorbite.^’ 

The nature of martensite is thus described by those consulted. 

Bain. — Martensite is the product — under certain specific con- 
ditions— of the allotropic change undergone by solid solutions of 
gamma iron.^’ 

Benedicks. — ‘‘Martensite is a solid solution of carbon (‘free’ or 
‘combined’) in alpha iron.” 

Belaiew. — “Martensite is the hard convstituent of quenched iron 
carbon alloys.” 

Boylston. — “In my opinion, martensite is a mixture of a solid solu- 
tion of iron carbide in beta iron and some alpha iron probably in the form 
of troostite.” 

Brearley. — ^ ^Martensite is carbide dissolved or finely dispersed in 
alpha iron.” 

Campbell. — “Martensite is ferrite or perhaps alpha iron with a 
small amount of carbon in solid solution, and containing iron carbide in a 
very fine state of dispersion ...” 

Chevenard and Portevin. — “Martensite is a solid solution in which 
iron is in the alpha condition ...” 

Dejean. — “ . . . it is logical to infer that martensite is a solid solu- 
tion of carbide in alpha iron.” 

Grenet. — “As I do not know the exact definition of martensite I 
do not know the characteristics by which it can be defined.” 

Guillet. — “Martensite appears to be alpha iron and gamma iron 
holding carbon in solution.” 

Sir Robert Hadfield. — “Martensite (martensitic structure) is 
believed to be a solid solution of carbon or of carbide of iron in alpha iron.” 
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Hoyt. — opinion of the nature of martensite is practically as 
given in the Hanemann-Schrader paper of 1925.’^ 

Hatfield. — “ . . . largely a solid solution. 

Honda. — “Martensite is a solid solution of carbon in alpha 
iron . . . 

Jeffries. — “I believe that freshly formed martensite in carbon con- 
taining steel is fine grained ferrite, crystallizing with a body-centered 
space lattice, in which the carbon is largely atomically dispersed . . . ” 

Le Chatelier. — Professor Le Chatelier undoubtedly regards mar- 
tensite as a solid solution of the carbide FeaC in alpha iron. 

Lester. — “It seems to me that martensite may be defined as an 
aggregate of small distorted iron crystals, which crystals may represent 
a solid solution of iron and carbon; the crystals are usually those of 
alpha iron, but gamma iron crystals may be present and may even pre- 
ponderate in rare cases. 

Lucas. — “In my opinion martensite is a decomposition of austenite 
along the octahedral crystallographic planes in the form of iron and iron- 
carbide. That martensite is not a solid solution seems to be true because 
more than one constituent is visible under high magnification. The con- 
clusion seems justified that iron-carbide must be present in martensite 
and it is my opinion that the iron is probably present in the alpha 
state. The carbide must be present in a highly dispersed condition.’^ 

Mathews. — “I consider martensite as a solid solution but whether of 
carbon or carbide I am not yet certain.’^ 

McCance. — “Martensite, in my opinion, is an enforced .solution of 
carbon in a mixture of alpha iron and gamma iron, but in which the alpha 
iron is largely predominating.'' 

Stoughton. — “I believe that martensite is the first stage in the 
decomposition of austenite, and that the bulk of the evidence indicates 
that it is the beginning of a decomposition of the solid solution of carbon 
and gamma iron." 

Thompson. — “Martensite is a supersaturated solid solution of carbon 
and iron carbide in alpha iron, together with, under normal conditions, 
a certain amount, probably small, of unchanged austenite." 

While from these answers it would seem as if it is quite generally 
held that martensite is a solid solution, it should be noted that many 
refer to the presence of gamma iron (undecomposed austenite?) and, at 
least in aged martensite, of cementite, which as a matter of fact would 
convert it into an aggregate. Lucas unhesitatingly states that martens- 
ite is an aggregate, and indeed, following Jeffries and others, we should 
regard martensite as made up of submicroscopic grains of ferrite with 
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dispersed particles of cementite. Whether the alpha ferrite contains or 
not some carbon in solution appears to them to be relatively immaterial. 

Formation of Martensite 

Passing now to the conditions necessary to form martensite it is 
evident from the answers received that metallurgists agree that in order 
to produce it and to retain it at room temperature, in iron-carbon alloys, 
the allotropic transformation of gamma iron must be delayed by suffi- 
ciently rapid cooling until a temperature of some 300° C. is reached. In 
the presence of elements such as nickel and manganese, sometimes 
referred to as retarding elements, less rapid cooling suffices. Indeed, 
slow cooling in air or even in the furnace of such alloy steels may cause 
the allotropic change to take place at 300° C. and the steel to become 
martensitic. It is generally held that when austenite transforms at such 
low temperatures, the gamma to alpha allotropic transformation takes 
place, but for lack of the necessary plasticity the carbon or the carbide of 
iron is retained in solution in alpha iron although the latter has little if any 
dissolving power for carbon. This solid solution of carbon in alpha iron, 
therefore, is necessarily supersaturated, which, according to some, may 
account in part at least for its great hardness. 

Why Martensite is Hard 

Whether a solid solution or an aggregate, we must seek the cause 
of the intense hardness of martensite. The following reasons have 
been given: 

1. Because of the hardness of the carbon it contains; 

2. Because of the hardness of the carbide it contains; 

3. Because of the hardness of the iron it contains ; 

4. Because it is a solid solution; 

5. Because it is a supersaturated solid solution ; 

6. Because of the distortion of the crystal lattices; 

7. Because of the extreme fineness of its grains; 

8. Because of the presence of numerous minute particles of the 
carbide FeaC, and 

9. Because of internal strains. 

If we turn to those who have been consulted, we shall find that there is 
decided lack of agreement on this very important point. 

Bain. — “Martensite is hard because of the tremendous slip obstructions 
of both the small or badly crystallized alpha iron grains, and the tiny 
carbide particles subsequently developed.^' 
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Benedicks. — ... its hardness is due to the disturbance of the 
alpha lattice caused by the solute having a low natural miscibility with 
alpha iron.^^ 

Belaiew. — . . . the whole potential amount of deformation 
inherent in any and every martensitic grain has been exhausted — whence 
its hardness. 

Campbell. — '‘Martensite is . . . containing iron carbide in a very 
fine state of dispersion, and the iron carbide is the cause of hardness due 
to slip interference.’’ 

Chevenard and PoRTEViN. — "One might as well ask why diamond is 
much harder than graphite ...” 

Dejean. — "In regard to the hardness of martensite, it is probably 
closely related with its method of formation at a low temperature.” 

Guillet. — "The extremely small size of the constituents explains 
the hardness.” 

Sir Robert Hadfield. — "Sufficient evidence does not seem to have 
been accumulated that would enable anyone to determine definitely 
what is the cause of the hardness of martensite.” 

Hatfield. — "It would appear that the cause of its hardness is due to 
the fact that it is essentially, though not completely, a solid solution.” 

Hoyt. — "The hardness is due to the phase of about 0.9 per cent, 
carbon in which the carbon and iron are in forced solution or combina- 
tion. The high mineralogical hardness would be due to new interatomic 
bonds which are thereby set up.” 

Honda. — "According to my view, at least two-thirds of the great 
hardness of martensite (650 in Brinell Scale) is due to the effect of the 
hardening carbon as explained above, that is, carbon atoms present in the 
interspace of the lattice.” 

Jeffries. — " . . . the hardness is due principally to the grain 
refinement but partly to the carbon.” 

Le Ch atelier. — "I do not know of any previous observation by which 
this hardness can be explained.” 

Lester. — "The hardness of martensite seems to me to be due to the 
combined effects of small crystal size and warped crystal planes in 
preventing slip along atomic planes.” 

Lucas. — "In my opinion, the hardness of martensite is due to the 
presence of iron carbide in a highly dispersed condition.” 
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McCance. — ^^The normal alpha iron space lattice is consequently 
distorted, owing to the presence of the carbon atom, and the hardness of 
martensite is a consequence of this state of distortion.’’ 

Stoughton. — '‘I believe that its hardness is caused by internal 
stresses within the crystal which prevent intracrystalline slippage.” 

Thompson. — ‘‘The hardness is due to several factors. In the first 
place, the needles formed act as strengthening scaffolds throughout the 
mass. Secondly, there must be an appreciable amount of distortion of 
the space lattices which will also increase the hardness, and finally I do 
not see how there can be but severe internal stresses which also have the 
same effect.” 

If it be attempted to analyze these views in regard to the cause of the 
hardness of martensite, I think it will be found that Guillet and Jeffries 
attribute the hardness chiefly to the smallness of the grains, Benedicks, 
Honda and McCance chiefly to lattice distortions, Bain and Lester to 
both smallness of grain and lattice distortion, Thompson to lattice dis- 
tortion and strains, Campbell and Lucas to the presence of carbide par- 
ticles, Hatfield to the state of solution and Stoughton to internal stresses 
within the crystal. 

Positions Occupied by Carbon Atoms or Carbide Molecules 

Assuming with most, martensite, when freshly formed at least, to be a 
solid solution of carbon or of the carbide FesC in alpha iron, let us inquire 
into the positions occupied by the carbon atoms or by the carbide mole- 
cules in the space lattices of the alpha crystals. A few only have had the 
courage to answer that question. 

Bain. — “It is not known just where the carbon atoms are located in 
reference to alpha iron space lattice, but the evidence points strongly to 
interstitial spaces and not the customary lattice points usually occupied 
by solute atoms.” 

Belaiew. — “ According to the latest x-ray evidence, the carbon atoms 
occupy the central points of the cubes in the face-centered lattice of the 
gamma iron. Such structure corresponds to what has been called a solid 
solution of carbon in iron or austenite.” 

Hatfield. — “It might be reasonable to assume that the iron atoms 
of the carbide aggregate tend to take up positions in the normal space 
lattice of the iron, the carbon atoms being probably situated inside the 
normal space lattice of the iron atoms.” 

Honda. — “The carbon atoms are in the interspace of the lattice.” 

Hoyt. — “After calculating the number of atoms of carbon which may 
replace the iron atoms in the body-centered cubic lattice, and give the 
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density and lattice parameter, as measured, my opinion is that a 0.9 per 
cent, carbon martensite has about half its carbon atoms in the lattice and 
the other half of its carbon atoms in the interstices. No cause for such 
an atomic arrangement is known to me and it may be found later, contrary 
to this picture, that the distribution is simple. 

Jeffries. — “I believe that such carbon as remains in atomic disper- 
sion in the ferrite is probably in between the space lattice points.’^ 

Lester. — think that the carbon atoms occupy positions near to, 
but not necessarily on, lattice points of the alpha iron crystals. It seems 
probable that each carbon atom may be associated with three adjacent 
iron atoms, the four atoms occupying positions near to, but not on lattice 
points and forming in effect a molecule of iron carbide. From this view, 
we obtain that the solution is a molecular dispersion of iron carbide in 
alpha iron, this solution differs but little from an atomic solution of carbon 
in alpha iron.^' 

McCance. — believe that the carbon atoms exist at the center of 
unit cubes of eight iron atoms and replace the center iron atom in the 
normal alpha iron lattice.” 

It is evident, therefore, that there is no substantial agreement among 
those who have devoted much time to the a;-ray analysis of steel as to 
the position occupied by the carbon in the crystal lattice of alpha iron. 

Influence of Strains 

My last question referred to the part played by strains in the harden- 
ing of steel. Here again opinions differ widely, some holding that strains 
play a very important part, some no part at all, while others believe that 
they may to a notable extent contribute to the hardness. 

Bain. — ^'Strains play a vital part in the hardening of steel in so far 
as the pieces crack and break in the quench or subsequently; otherwise, 
except for a possible action to decrease the amount of residual austenite 
in proportion to their severity, they probably have nothing to do with 
the hardening. They are an effect, not a cause.” 

Benedicks. — ^^The hardening of steel being due to forcing a less 
soluble substance to remain in solution, it is necessarily accompanied by 
strains in the crystal lattice; on the contrary, the earlier debated strains, 
due to the difference in cooling speed between the inner and outer parts of 
a quenched specimen, have no essential influence on hardening.” 

Belaiew. — believe internal strains play an important part in the 
hardening of steel chiefly because of the volume changes accompanying 
the transformations; f.e., strains determine in part to what extent the 
main transformation takes place. I do not believe that internal strains 
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have any important direct bearing on the hardness of steel. If there is 
any effect, internal strains would probably decrease rather than increase 
hardness. 

Bri]arley. — ^‘Stresses and strains are important causes of hardening 
but I cannot make any quantitative estimates of their influence.’^ 

Campbell. — “I do not think that strains play any material part in 
the hardening of steel.” 

Dejean. — ^'It cannot be denied that cold working and quenching 
impart to steels often very similar properties. It is also probable that 
the formation of martensite which takes place at a low temperature 
accompanied by an important change of volume, produces in the steel 
tensions of an order comparable to those resulting from cold working. 
One should avoid, however, carrying too far the resemblance between 
these two phenomena.” 

Guillet. — ^'Strains play a very small part in quenching.” 

Sir Robert Hadfield. — Cases are well known in which stress 
alone, resulting in strain, but without alteration of lattice, is sufficient 
to produce a considerable increase in the ball hardness of certain steels. 
On the other hand, it has not been conclusively determined whether the 
presence of strain is always a necessary condition of the hardening.” 

Hatfield. — I have already said that I think that the internal stress, 
and probably also permanent strain effects resulting from quenching, if 
tempered at a low temperature, f.c., a temperature below that at which, 
so far as we know, the constitution can be modified, the hardness 
becomes less and the ductility greatly increased.” 

IIoYT. — ^'Due to the fact that hardening involves an appreciable 
volume change, I believe that strains must play an important role in the 
process through the pressure effects which they will set up. If the pres- 
sure distribution were known, the effect would be that predicted by 
applying the principle of Le Chatelier.” 

Jeffries. — ^‘I believe internal strains play an important part in 
the hardening of steel chiefly because of volume changes accompanying 
the transformation; i.c., strains determine in part to what extent the 
main transformation takes place. I do not believe that internal strains 
have any important direct bearing on the hardness of steel. If there is 
any effect, internal strains would probably decrease rather than increase 
hardness.” 

Le Chatelier. — ^^I do not believe that strains can play any role in 
the hardening of steel. When the stresses are uniformly applied to a 
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metal in such a way as to prevent any deformation, no increase of hard- 
ness results, as this depends solely upon the extent of the deformations. 
Since the stresses which may occur when gamma iron changes to alpha 
are not accompanied by deformation, they cannot be a cause of hardness.’^ 

Lester. — ^^If strains be taken As displacements of atoms from posi- 
tions of stability then strains within the crystals may be regarded as one 
of the two principal factors in the hardening of steel, the other being the 
smallness of the crystals. In this the strains measure the distortion 
within the crystals; the distortion and not the strain may be regarded 
as the primary cause of the hardness. 

Lucas. — ^^Practically an unimportant one — Strains, in my opinion, 
are an effect of hardening rather than a cause. 

Mathews. — ... it seems to me that in addition to Jeffries^ 
theory, stress does play some part, but not a prominent part.’^ 

McCance. — ^‘Strains take no part in the hardening of steel.’’ 

Stoughton. — believe that strains existing in the interatomic bonds 
within the space lattices are chiefly responsible for the inflexibility which 
I associate with the hardness of steel. I believe that the bonds are under 
such stress that they have not the elasticity to permit deformation with- 
out rupture. The slip interference theory for the hardness of over- 
strained metals seems to meet that particular type of hardness only to a 
limited extent.” 

Thompson. — ^‘Hardening cracks are the best evidence for the existence 
of very severe internal stresses approximating to the tensile strength 
of the material.” 

Conclusions 

After this brief survey of the views held by those who have devoted 
much time to the study of the phenomenon of the hardening of steel, I 
believe that it is not possible to tell what is the prevailing view of metal- 
lurgists. Differences of opinion are met with at every stage, in regard to 
the condition of the carbon dissolved in gamma and in alpha iron, to the 
position occupied by the carbon atoms or by the carbide molecules in the 
crystal structure, to the nature of martensite and especially to its hardness, 
which is attributed to many causes. 

It is evident that those who believe they have solved the problem of 
the hardening of steel have done so only to their own satisfaction and to 
that of a few followers. The best that can be done is to state that it is 
generally, but not by any means universally, held (1) that freshly formed 
martensite is a solid solution of carbon or of the carbide FeaC in alpha iron; 
(2) that martensite forms, and is retained, when austenite transforms in 
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the vicinity of 300° C. ; (3) that on aging, minute particles of the carbide 
are thrown out of solution, converting the martensite into an aggregate ; 
(4) that the hardness of martensite is due wholly or partly to one or more 
of the following causes: 

(1) To its being a solid solution; (2) a supersaturated solid solution; 
(3) to the fineness of its grains; (4) to distorted space lattices; (5) to the 
presence of minute particles of the carbide, and (6) to internal strains. 

As to the positions of the carbon or carbide in the crystal lattices, the 
least said the better. 

It is also generally held that troostite is a very fine aggregate of 
ferrite and cementite. 

It should be noted that, accepting these views of the nature of martens- 
ite and troostite, hardened steel frequently contains (1) undecomposed 
austenite which is one phase; (2) martensite, another phase, and (3) 
troostite, a mixture of two phases, ferrite and cementite, that is, in all, 
four phases, which is not permissible in a system of two components. 
There must be something wrong with this conception. 

Comparing the situation today with that of 30 years ago as presented 
in my first paper, the only progress (?) made towards a solution of the 
problem may, I believe, be thus summarized: (1) Abandonment of the 
belief in the existence of beta iron; (2) a:-ray analysis of iron-carbon alloys 
by which it is shown that gamma iron has a face-centered space lattice 
and alpha iron as well as the iron present in martensite, a body-centered 
space lattice, and (3) the l^elief expressed by some that the hardness of 
martensite might be caused primarily (a) by the presence of extremely 
small (submicroscopic) ferrite grains or (b) by the distortion of the space 
lattices resulting from the presence of carbon atoms in enforced solid 
solution. This does not constitute a very material advance, if advance 
at all, seeing that it has also introduced additional controversial matter. 

Answer of the Author to the Questionnaire 

In answering my questionnaire and in briefly expressing my views in 
regard to the hardening of steel, I do not claim in any way to have solved 
the problem discussed in this paper. I feel today exactly as I did 30 years 
ago, when, after outlining some conception of the possible cause of 
hardening, I wrote, in concluding my paper: The writer does not wish to 
advance here any new theory. Indeed, if he knew that his remarks 
would be so interpreted he would refrain from giving them shape. He 
only feels that they may contain some element of truth which may help in 
solving the problem discussed in this paper, and if his arguments and 
deductions are not sound, he hopes they will be promptly refuted. 

Fortunately, I am not wedded to any theory. I am ready to abandon 
any I may at one time have defended for any other which may appear 
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more logical or more useful. Theories are tools, and we should use the 
best tools obtainable. 

While referring to my early contribution, it may not be without 
interest to reproduce here some of my arguments as they seem to have 
anticipated the recent claims that the hardness of martensite is due 
primarily to the smallness of the ferrite grains and to the presence of 
minute cementite particles, although perhaps rather clumsily expressed 
at the time. 

The hardness of martensite can very well be attributed, then, to the diffusion 
through its mass of the carbide FeaC, which we know exists in steel below the critical 
range, and which we know to be extremely hard. It will no doubt be argued that if the 
hardness of martensite is produced by the presence of a certain amount of FesC, or 
cementite, then the pearlite of slowly cooled steel should be equally hard. Let us 
consider, for instance, the case of a steel which below the critical range is composed 
entirely of pearlite, while above this it contains only martensite. Here the martensite 
and pearlite would have the same chemical composition; they would have the same 


A B 



Fig. 1. — Structure of pearlite. 

proportion of iron and FeaC. In pearlite, however, the iron and the carbide each 
segregates in comparatively large masses, while in martensite the hard Fe^C is uni- 
formly diffused through the whole mass. May not this account for the difference in 
their mineralogical hardness? To make this matter clear the structure of pearlite, 
which contains 1 part of FesC to 7 parts of iron, has been sketched in A, Fig. 1, while 
the structure of martensite can be imagined as appearing somewhat like B. 

A and B show the same proportion of intensely hard FcsC and of soft iron, but on 
account of the different structural arrangement and distribution of these two con- 
stituents, will not the hardness of martensite, or, rather, its power of resisting abrasion, 
be much greater than that of pearlite? The relatively large soft areas of the pearlite 
will be easily scratched or worn away by friction, while the soft meshes of the martens- 
ite are on all sides protected by the hard carbide, thus presenting great resistance to 
abrasion. The soft meshes may actually be so minute that even the point of a needle 
will be prevented by the surrounding cementite from marking them. 

May not the meshes in Fig. 1 be regarded as the submicroscopic 
ferrite grains of Jeffries and the tiny cementite net as the dispersed cement- 
ite particles? Is it not a clear anticipation of the slip interference 
theory which recently has received much attention? And this was 
30 years ago. 

The views to be presented here, tentatively and cautiously, appear to me 
to be in better agreement with observed facts and experimental evidence 
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as well as with the phase rule, which at least they do not violate. They 
are based largely on the microstructure of martensite’^ needles under 
very high magnification as brought out by Lucas, on the behavior of 
austenite on tempering and on the behavior of troostite. They will 
be concisely expressed. 

Austenite is a solid solution of the carbide FesC in gamma iron. 

Troostite is a solid solution of the carbide FesC in an allotropic form 
of iron different from the gamma form and which for the present will be 
designated as non-gamma iron. The fact that the resolution of troostite 



Fid. 2 . — StKEL 1 TO 1.1 PER CENT. CARBON; QUENCHED FROM A HIGH TEMPERATURE; 

ETCHED WITH PICRIC ACID. X3230. F. F. LuCAS. 

Rod was heated at one end to a high temperature and quenched. This field is 
well toward hard end of specimen and shows very early stages of troostitic develop- 
ment along martensitic needles and as nodules (two of which are seen). Troostite is 
quite dark, martensite much lighter, austenite white. 


fails to reveal the network structure generally found in solid solutions 
may be ascribed to the grains being submicroscopic, which in turn may 
explain, partly at least, the hardness of troostite. Lucas finds that what 
he calls nodular troosite contains radial grains which, under the highest 
powers of the microscope, exhibit all of the characteristics of solid 
solutions. When undecomposed, he reports, that these grains consist 
of a single constituent and that they display orientation phenomena 
when revolved about the optical axis of the microscope. 

Austenite always transforms into troostite on slow or rapid cooling, 
as well as in tempering after quenching. 



876 


THE CURRENT THEORIES OF THE HARDENING OF STEEL 


In my paper of 1896, I wrote: 

While we know with reasonable certainty the coinposititni of ferrite, cenientite 
and pearlite, we know very little about the trUe nature of martensite. Indeed, if 
we could discover its composition, the hardening of steel would no longer be an 
unsolved problem. Each theory which has been advanced to explain the hardening 
of steel has attributed to martensite the composition demanded by that theory. Of 
its real composition, however, we have no direct evidence. Unfortunately, the 
details of its structure are so minute and so difficult to resolve that, even when most 
highly magnified, it gives little indication of its chemical composition or even struc- 
tural character. 

The remarkable high-power photomicrographs recently obtained by 
Mr. Lucas have supplied what we were so much in need of 30 years ago 
and have confirmed my belief in the duplex nature of this so-called 
martensite. 



Fig. 3. — Iron-carbon alloy; 2.65 per cent, carbon; quenched in iced brine 
FROM 1260° C.; etched 3 min. in picric acid. X2450. F. Lucas 

The structure of hardened steel containing from 1.00 to 1.10 per cent, 
carbon is seen under an original magnification of 3230 diameters in Fig. 2. 
It is customary to state that the dark needle-like constituent is martensite, 
itself a solid solution of carbon in alpha iron, and the lighter one, unde- 
composed austenite. In that light hardened steel must be considered 
as an aggregate of austenite and martensite. On close examination, 
however, we note that the steel also contains particles decidedly darker 
than the so-called martensite needles, and we call these particles troostite, 
which we describe as an aggregate of finely divided ferrite and cementite. 
Hence, as already mentioned, the presence of four phases. 
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Lucas writes: '‘No evidence has been found that a plain carbon 
steel may become fully martensitic. The structures at high power are 
seen to consist of austenite and martensite, but more often of austenite, 
martensite and troostite, sometimes of even lower orders of decompo- 
sition.’’ 

In order to study the nature of martensite we may confine our atten- 
tion to a few needles as they appear under very high magnification, (1) 
in quenched samples and (2) after prolonged tempering. Martensite 
needles embedded in an austenite matrix are seen in Figs. 3 and 4, 
representing the structure of an iron carbon alloy containing 2.65 per 



Fig. 4. — Same as Fig. 3; another spot; 1260° C., quenched in brine. 

cent, carbon and quenched in iced brine from a temperature of 1260° C. 
The original magnifications were, respectively, 2450 and 2100 diameters. 
The conditions are here at their best to study the structure of the needles 
and the transformation of both the needles and the austenitic matrix on 
tempering. 

We find that the needles themselves are not made up of a single phase 
but clearly of two phases — that they are therefore of the nature of an 
aggregate. They all have a central or midrib which is much darker than 
the surrounding metal. I believe this midrib to be made up of troostite, 
a solid solution of carbon in non-gamma iron resulting from the allotropic 
transformation of austenite along its octahedral cleavage planes. I 
believe the balance of the needles to consist of austenite in which troostite 
is present too finely divided to be detected even under very high 

it ouantitv to result in a darker coloration of 
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the needles by etching compared to the color of the undecomposed 
austenite surrounding it. This transformation of austenite into troostite 
through the formation of troostite-austenite needles (martensite) along 
the octahedral cleavage planes of austenite is well illustrated by Lucas 
in Fig. 5. 

My views demand that in tempering, austenite should transform into 
troostite (a solution of carbon in non-gamma iron), and this, I believe, 
is precisely what happens as revealed by some experiments^ conducted 
by Lucas. This long tempering of a quenched high carbon steel consist- 
ing of martensite needles in an austenite matrix did not result in the for- 
mation of additional needles but clearly in additional troostite causing 



Fig. 5. — Development of martensite along cleavage planes parallel to 

SURFACE OF AN OCTAHEDRON THREE SETS OF PLANES. F. F. LUGAS. 

the original needles to color darker and in the occurrence of many troos- 
titic fringes around the needles and of troostitic particles in the austenitic 
matrix. 

It should also be noted that while it required three minutes in picric 
acid to bring out the structure of the sample as quenched, 10 seconds 
sufficed after the sample had been tempered, a strong evidence of the 
presence of much more troostite in the latter. 

Condition of Iron in Troostite 

Passing now to the important question of the condition of iron in 
troostite, which I have so far described as non-gamma, our first impulse 
must be to infer that it is alpha iron. Alpha iron, however, has little if 

* The sample which after quenching had the structure shown in Figs. 3 and 4 was 
tempered by him for 13 hours at 200°C., repolished, re-etched, and again photographed 
as shown in Figs. 6 and 7, under an original magnification of 3600 diameters. 



ALBERT SAUVEUR 


879 



Fig. G. — Same sample as illustrated in Figs. 3 and 4. Brine-quenched 
FROM ]260° (\; TEMPERED 13 HR., 20 MIN., AT 200° C.; ETCHED 10 SEC. IN PICRIC ACID 
X 3,500. F, F. Lucas. 



Fig. 7.— Same as Fig. 6; another spot. 
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any dissolving power for carbon, from which it follows that carbide should 
always be rejected from troostite both on slow cooling and on tempering. 

Stov^ly CooleU 



Fig. 8. — Diagram showing transformation of austenite into pearlite. 

QuehcheJ^ 



Fig. 9. — Diagram showing transportation in cooling austenite so that the 

AUSTENITE -TROOSITE AGGREGATE IS RETAINED AND THE STEEL IS HARDENED. 

Lucas, however, finds that while carbide is expelled from troostite of 
hyper-eutectoid composition, ferrite is expelled from hypo-eutectoid 
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troostite, clearly indicating that the iron in troostite is capable of dis- 
solving carbon up to the eutectoid point. 

Troostite, in this light, must be considered as a solution supersaturated 
with carbide when it contains more than 0.85 per cent, carbon. This 
non-gamma iron capable of dissolving carbon I shall venture to call beta 
iron, although fully realizing that this beta iron may yield an x-ray 
spectrum similar to that of alpha iron and of delta iron. 

This conception of the nature of austenite, troostite and martensite 
leads us to visualize the transformation of austenite into pearlite 
as follows: 

The complete transformation of austenite into pearlite requires time 
and plasticity, hence slow cooling from a sufficiently high temperature. 
Assuming for the sake of simplicity, the steel to be of eutectoid composi- 
tion, when it enters its critical range, austenite begins to transform allo- 
tropically into a solid solution of carbon in beta iron, which, in my opin- 
ion, is troostite. Time is required for the complete transformation of 
austenite into troostite and finely divided aggregates of austenite and 
troostite are necessarily formed which hitherto have been called martens- 
ite and have generally been considered as solid solutions. The austenite- 
troostite transformation begins along the octahedral cleavage planes of 
austenite, giving rise to the w^ell-known so-called martensite needles. 
These needles consist of a midrib of solid troostite surrounded by aus- 
tenite holding very finely divided particles of troostite. Farther trans- 
formation results in the growth of the needles at the expense of the 
untransformed austenite and in the final complete transformation of 
austenite into troostite. The next step in the transformation consists 
in the formation of alpha iron and simultaneously, since alpha iron cannot 
dissolve carbon, in the rejection of carbide resulting in the formation of 
sorbite. This is followed by the coagulation of the cementite particles 
into plates resulting in the production of pearlite. In cooling austenite 
at such a rate that its transformation is delayed until a temperature of 
some 300° C. is reached, the austenite-troostite aggregate is retained and 
the steel is hardened. These views are expressed diagramatically in 
Figs. 8 and 9. 

Summary 

Austenite is a solid solution of carbon, probably in the form of the 
carbide FeaC in gamma iron. 

Troostite is a solid solution of carbon, probably in the form of the 
carbide FeaC in beta iron. 

Austenite always transforms into troostite regardless of the tempera- 
ture at which the transformation takes place. 

Martensite is the aggregate of austenite and troostite necessarily 
resulting from the gradual transformation of austenite into troostite. 

Troostite of eutectoid composition transforms into sorbite. 
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Troostite of hypo-eutectoid composition transforms into sorbite aftei* 
rejection of the excess ferrite. 

Troostite of hyper-eutectoid composition transforms into sorbite 
after rejection of the “excess^' cementite. 

The rejection of some cementite from hyper-eutectoid troostite and 
of ferrite from hypo-eutectoid troostite may take place at room tempera- 
ture from which it follows that aged troostite may be described as an 
aggregate consisting of minute particles of the carbide FesC or of ferrite 
in a matrix of the solid solution of the carbide in beta iron, that is, of 
true troostite. 

The transformation of troostite into sorbite implies the allotropic 
transformation of beta iron into alpha iron and the formation of a very 
fine aggregate of alpha ferrite and of cementite. 

Pearlite results from the coagulation into plates of the constituents 
of sorbite. 

Gamma iron being unstable at room temperature, austenite, on 
reheating, tempers into troostite through the transformation of gamma 
into beta iron and the retention of the carbide in solid solution. 

Although beta iron is more stable than gamma iron, troostite, on 
further reheating, tempers into sorbite through the transformation of 
beta into alpha iron and the rejection of cementite. 

Austenite is harder than gamma iron because it is a solid solution, 
it being well known that solid solutions are generally harder than 
the solvent. 

Troostite is harder than austenite, possibly because beta iron is harder 
than alpha iron; also possibly because of the presence in troostite of 
submicroscopic grains offering greater resistance to slip, the structure 
of troostite being much finer than that of austenite; because of the dis- 
tortion of its crystal lattice or, again, because of the existence of severe 
internal strains. 

The hardness of troostite increases with the percentage of carbon it 
contains, possibly because of increasingly smaller grains. 

The aggregate martensite is harder than the troostite it contains and 
d fortiori harder than the austenite because the structural arrangement of 
these two constitu tents offers greater resistance to slip than plain troostite. 
Its very acicular structure favors that view as pointed out by Thompson, 
who writes, “ . . . the needles formed act as strengthening scaffolds 
throughout the mass.’^ 

The hardness of martensite increases with its carbon content because 
of the greater hardness of the troostite it contains, and possibly also 
because finer needles and finer grains result from the transformation of 
austenite containing much carbon. 

We are naturally led to inquire into the proportions of austenite and 
of troostite which should be present in the aggregate martensite in order 
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to obtain maximum hardness for a given percentage of carbon. The 
answer may be that we should have as many needles as possible on the 
ground that the greater the number of needles the greater the slip inter- 
ference. This would be in line with the increased hardness resulting from 
an increasing percentage of carbon because as the carbon increases the 
needles become smaller and hence more numerous. 

It is well to bear in mind that although I have arrived independently 
at the views I have tried to express in regard to the nature of hardened 
steel, I am not the first who has considered martensite to be an aggregate 
and not a solid solution, as will be apparent from my brief discussion of 
the views expressed by eminent metallurgists. Those, however, with the 
exception of Lucas, who have referred to martensite as being an aggregate, 
also describe troostite as an aggregate. Lucas believes troostite to be 
a solid solution and martensite an aggregate of ferrite and cementite, 
while I consider martensite to be an aggregate of austenite and troostite. 
Dejean has indicated the possibility of two solid solutions being present 
in martensite, one of carbon in gamma and the other of carbon in alpha 
iron, but there is no evidence that he identifies the latter with troostite. 
Boylston, however, refers to the po.ssible presence of troostite in so-called 
martensite needles. 
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Appendix 

Following are the full answers received by the author from those to 
whom he submitted his questionnaire : 

Edgar C. Bain* 

1. Martensite is the product — ^under certain specific conditions — of the allotropic 
change undergone by solid solutions of gamma iron. It is characterized by being 
alpha iron in extremely fine or badly crystallized, although strongly coherent, frag- 
ments. It may have a great range of carbon content in a condition not well understood, 
and is almost always mixed with residual particles of unchanged austenite. From 
freshly formed martensite the carbide of iron may be precipitated very easily even 
at room temperature in particles so fine as to offer no clue to their existence save by 
magnetic tests and shrinkage measurements. This material, containing very fine 
crystallites of carbide, is also called martensite. 

The characteristic needlic structure is the result of the directional nature of the 
allotropic change and is determined by orientation of the parent austenite. 

Martensite is hard because of the tremendous slip obstruction of both the 
small or badly crystallized alpha iron grains, and the tiny carbide particles 
subsequently developed. 

2. The conditions necessary for the formation of martensite from austenite are 
merely, first, such temperature as renders alpha iron the stable form and gamma iron 
unstable and, second, a degree of atomic mobility (and time) sufficient to permit the 
allotropic rearrangement of atoms hut not any substantial grain growth. The removal 
of heat from a specimen at a proper rate is the customary manner of providing the 
limited mobility of atoms. Cold work supplies the same requisite atomic mobility 
when applied to preserved austenite. 

The writer has described a possible simple atomic shift which would change gamma 
iron to alpha iron along plates corresponding to gamma iron crystal planes. As yet 
that explanation is as reasonable as any but is purely speculative. 

3. Mechanically, freshly formed martensite may resemble a true solid solution of 
carbon in alpha iron, but it probably should not be called simply a ** solution,” since a 
solution is usually thought to be stable unless definitely designated ” supersaturated” 
or “under-cooled.” It is not known just where the carbon atoms are located in 
reference to the alpha iron space lattice, but the evidence points strongly to intersti- 
tial spaces and not the customary lattice points usually occupied by solute atoms. 

4. Strains play a vital part in the hardening of steel in so far as the pieces crack and 
break in the quench or subsequently; otherwise, except for a possible action to decrease 
the amount of residual austenite in proportion to their severity, they probably have 
nothing to do with the hardening. They are an effect, not a cause. 

Col. N. BELAiEwf 

1. Martensite is the hard constituent of quenched iron-carbon alloys. The 
so-called “ acicular ' ^ structure of martensite is a Widmanstatten structure. Its needles 

* Research metallurgist. Union Carbide & Carbon Research Laboratories, Inc., 
Long Island City, N. Y. 

t London, Eng. 
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or, more correctly, wedges run parallel to the four faces of an octahedron in every 
martensitic grain. There U, apparently, a slight diflFerence in hardness and in carbon 
concentration between different wedges, but, in general, their nature is one and the 
same. Thus, the occurrence of the Widmanstatten structure is caused not by a 
chemical differentiation, as in slowly cooled steels or in meteorites, but by the physical 
process of deformation during rapid cooling. 

There is a certain analogy between the formation of slip bands in various grains of 
a statically deformed specimen and the martensitic structure of quenched steel. In 
both cases are the structures revealing a deformation which occurs parallel to the 
octahedral planes. In the former, the slip bands usually show one direction only; 
however, as the amount of deformation increases the number of “directions ’’ increases 
too, till the four directions duly appear. Thus the appearance of all the four direc- 
tions in martensite may, conversely, be taken as a proof that the whole potential 
amount of deformation inherent in any and every martensitic grain has been exhausted 
— whence its hardness. 

2. The conditions necessary for the formation of martensite can be summarized 
thus: any sudden change in internal pressure revealing itself in a more or less simul- 
taneous gliding on the octahedral planes. Such conditions can be realized best by the 
action of interatomic forces during a sudden allotropic transformation. 

During quenching the gamma^-alpha transformation takes place suddenly and, 
more or less simultaneously in every grain. This transformation results in a consider- 
able increase of volume as the face-centered lattice changes to the cube-centered. The 
increase of volume in and of every grain is interfered with by the boundaries of the 
grains — thus considerable strains originate and result in producing the maximum 
available deformation parallel to the four octahedral planes in every grain. 

The resistance to any considerable amount of future slip is very much increased and 
so is the so-called hardness. 

3. According to the latest x-ray evidence the carbon atoms occupy the central 
points of the cubes in the face-centered lattice of gamma iron. Such structure corre- 
sponds to what has been called a solid solution of carbon in iron or austenite. 

As the face-centred lattice changes to the cube-centered the carbon atoms have to 
be displaced from their initial central positions. The larger the carbon content the 
greater the number of carbon atoms to be displaced. Thus, very likely, the space of 
time available for the change of lattice — at any given speed of cooling — is lessened 
in ratio to the amount of carbon atoms to be displaced and redistributed. Conse- 
quently, the occurring internal stresses will be the larger, the higher the carbon 
content. The fact that the lattice dimensions of austenite increase with the carbon 
con^nt will work in the same direction. 

The actual position of carbon atoms in martensite has not been definitely shown by 
the x-ray examinations. As, on the other hand, both the x-ray and the former 
metallographic investigations have proved that iron in martensite must be present in 
the alpha state, it would seem that the iron particles are free from carbon. Thus the 
carbon atoms must be distributed in martensite in some different way from that which 
exists in the true solid solution-austenite. Some authors therefore consider martens- 
ite as a supersaturated solution, while some others regard it as a colloidal system. 
The present writer still considers that the true colloidal state occurs in troostite and 
the state of solid solution in austenite. For martensite he would prefer for the 
present to use a descriptive phrase, such as “as if in solution “ or the term “pseudo- 
solution. “ 

4. Internal interatomic strains resulting from the sudden gamma-alpha transforma- 
tion during quenching are responsible for the Widmanst&tten acicular structure of 
martensite and, finally, for the main part of its hardness, a certain increase of hardness 
may be caused by the grain refinement and by the, so-called, key action. 
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Internal intercrystalline strains may lie responsible for the larger or smaller 
amount of gamma iron changed to alpha iron. 

Carl Benedicks* 

1. Martensite is a solid solution of carbon, ‘'free'" or '^combined,” in alpha iron; 
its hardness is due to the disturbance of the alpha lattice caused by the solute having a 
low natural miscibility with alpha iron.* 

2. Martensite is formed on dissolving carbon, “free” or combined,” in gamma 
iron and then cooling, at.a rate permitting the carbon to be preserved in solid solution, 
while the solvent is changed from gamma into alpha state. 

3. As has been established by A. Westgren and G. Phragm6n,< the carbon in aus- 
tenite does not substitute iron atom for atom in the gamma lattice; consequently, in 
gamma iron, carbon is to be designated as being probably combined, or forming 
radicals, with iron atoms. As for martensite or alpha iron nothing has been definitely 
established, but it seems probable that carbon occurs in the same way. 

4. The hardening of steel being due to forcing a less soluble substance to remain 
in solution, it is necessarily accompanied by strains in the crystal lattice (see note 1); 
on the contrary, the earlier debated strains due to the difference in cooling speed 
between the inner and outer parts of a quenched specimen has no essential influence 
on hardening. 

Herbert M. BoylstonI 

1. In my opinion martensite is a mixture of a solid solution of iron carbide in beta 
iron and some alpha iron, probably in the form of troostite. I am inclined to think 
that the dark parts of the martensite needles are troostitic in character, although I am 
not at all sure that the mixture can be resolved into constituent parts except 
possibly under extremely high magnification. 

2. I think the conditions necessary for the formation of martensite are a rate of 
cooling of steel sufficiently rapid to lower the transformation point temperature to 
approximately 300° C. or lower. A sufficient amount of alloying material with the 
proper rate in cooling might act in the same way but the point of the whole matter 
is, in my opinion, that the rate of cooling through the critical range, whether it occurs at 
the usual temperatures or at lower temperatures, be rapid enough to retain below 
its normal region the solid solution of FeaC in Beta iron. 

3. I cannot answer this. 

4. I do not know. 

Harry BrearleyJ 

1 . Martensite is carbide dissolved or finally dispersed in alpha iron. 

2. Martensite is formed from austenite on cooling from high temperatures when the 
gamma to alpha change takes place in the iron and the medium is too rigid, owing to 
accelerated cooling, to permit the dispersed carbide to aggregate. 

* Director, Metallographic Institute, Stockholm, Sweden. 

* C. Benedicks : Recherches Physiques et Physico-chimiques sur L’acier au Car- 
bone. Thbse Upsala (1904) 202, where it was concluded that martensite is a solid 
solution in beta iron; it being later shown that beta iron probably is alpha iron con- 
taining a definite amount of gamma iron (cf. Jnl. Iron and Steel Inst. <1912) 2 , 242). 
Beta has to be replaced by alpha as is also directly established by a:-ray analysis. 

* A. Westgren and G. Phragm^n: X-ray Studies on the Crystal Structure of Steel. 
Part II. JrU. Iron and Steel Inst. (1924) 1, 159. 

t Professor of Metallurgy, Case School of Applied Science, Cleveland, 0. 
j Brown Bailey’s Steel Works, Ltd., Sheffield, England. 




ALBERT SAUVEUR 


887 


3. 1 do not know. 

4. Stresses and strains are important causes of hardening, but I cannot make any 
quantitative estimate of their influence. 

William Campbell* 

In reply to your letter of Aug. 17, I am afraid that I do not know enough about 
martensite and the causes of its hardness to make my reply to your question of any 
value. For the last few years I have been teaching Jeffries’ and Archer’s slip interfer- 
ence theory of hardening. However, I do have some difficulty in accepting their 
theory that part of the reason for its hardness is extreme fineness of grain, especially 
after examining a high carbon steel quenched in very high temperature. 

1. Martensite is ferrite or perhaps alpha iron, with a small amount of carbon in 
solid solution, and containing iron carbide in a very fine state of dispersion, and this 
iron carbide is the cause of hardness due to slip interference. 

2. It is formed by the decomposition of austenite at a temperature considerably 
below the lower critical point. 

3. I do not know enough about atomic structure to be able to answer this question. 

4. I do not think that strain plays any material part in the hardening of steel. 

Pierre CHEVENARof and Albert PoRTEViNt 

Definition . — Martensite is a solid solution, in which iron is in the alpha condition, 
and which corresponds for a given percentage of carbon to maximum hardness. It 
is a metastable phase of the iron-iron-carbide system. Its composition varies and, 
therefore, its physical properties cannot be numerally defined. 

Micrographical Characteristics . — It is not colored by oxidizing alkaline reagents such 
as sodium picrate, being in this way distinguishable from cementite. It is colored by 
acid reagents such as picric and nitric acid, somewhat like ferrite and austenite but in 
general a little more than ferrite and less than austenite, which distinguishes it from 
the aggregates pearlite, troostite, and sorbite. It is colored by cupric reagents such as 
Stead’s and Le Chatelier’s much less than ferrite. 

The scratch produced by a needle is of minimum width; it cannot be scratched by a 
quenched needle having the same composition as the steel examined, by which it can 
be distinguished from ferrite and austenite. The latter constituent may also be 
distinguished by the presence of slip bands after slight deformation. 

The needle-like appearance frequently mentioned as an essential characteristic of 
martensite is not absolute; on the contrary, it occurs more clearly when martensite is 
not pure, as, for instance, in quenched mild steels (martensite mixed with ferrite), or 
in high carbon steel drastically quenched (martensite mixed with austenite). It 
disappears in eutectoid steel quenched so as to obtain maximum hardness, and made 
up, therefore, of pure martensite. One must distinguish carefully between the 
martensitic state and the martensitic appearance described as needle-like, which is a 
type of structure closely connected with the Widmanstatten formation and which 
occurs whenever a constituent separates progressively from a phase or solid solution 
(especially in all transformations of alloys in which only two phases occur). As 
martensite, however, is very rarely pure, this appearance is frequent, and as it is 
revealed readily by etching, its use is convenient. 

Physical Characteristics . — These characteristics can be fully utilized only when 
martensite forms the totality or the major part of the sample. In martensite, carbide 

* Professor of Metallurgy, School of Mines, Columbia University, New York, 

t Professor, National School of Mines, Saint-Etienne, France. 

I Ecole Centrale, Pari?, 
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is in solid solution, iron in the alpha condition, and the density is minimum because 
of the marked expansion taking place when alpha iron forms. Hence the following 
characteristics: 

1. No sudden evolution of heat on heating. 

2. Minimum density; on heating, dilatation nearly equal to that of alpha iron ; 
absence oj the Curie Ao point of cementite at about 200® C., followed by notable and progres- 
sive contraction resulting from the precipitation of carbide. 

3. Maximum resistivity, depending upon the percentage of carbon. 

4. Ferro-magnetism : Without any Curie Ao point of the carbide at about 200® C. 

5. X-ray analysis: Cubic crystalline system dodecaedric (face-centered cubes) of 
alpha iron. 

Mechanical Characteristics. — Maximum hardness exceeding 600 Brinell in ordinary 
steels when the percentage of carbon exceeds .50 per cent. 

Causes op the Hardness op Martensite 

This question which has already resulted in the flowing of so much ink has never, 
I confess, interested me much. One might as well ask why diamond is much harder 
than graphite and what is the cause of the white or red coloration of phosphorus. 

I have been satisfied with observing some facts and in seeking experimental rela- 
tions which could be defined and measured and which exist between the various 
factors influencing hardening and the results of that operation. I am satisfied with 
the observation that the increase of hardness which results from the presence of 
martensite corresponds to the presence of a constituent the characteristics and nature 
of which do not result in contradictions with known facts. 

Martensite is a crystallized solid solution which forms on cooling through the 
transformation at a low temperature, accompanied by a notable expansion. Hence 
the following internal modifications : 

Maintenance of the carbon in solid solution (physico-chemical modifications). 

Refining of the grains, formation of twins and strains (structural modifications). 

Occurrence of intense internal strains. 

Experience has taught us that each one of these modifications considered separately 
may result in an increase of hardness. In accordance with our tastes and personal 
tendencies, we attribute to some of them a preponderating or exclusive part in the 
increase of hardness. Hence, we have as many theories of hardening as of observed 
phenomena. 

Since until now it has not been possible to measure and to characterize these 
various modifications and their effects it seems to me difficult to test the part of each 
in this increase of hardness. 

For the time being, therefore, these are simply exercises of the mind which have 
some success because they give free play to the imagination. One sees in it a proof 
of the predilection for explanations borrowed from mechanical science. 

It is apparent that for many, because of t/heir tastes and their intellectual training, 
mechanical representations applied to geometrical edifices even complex, satisfy 
their mind more than the application, pure and simple, of the facts. The History 
of Science presents many such examples. According to H. Poincar6, as soon 
as a phenomenon obeys the principles of energy it conforms with an infinity of 
mechanical explanation. 

Summing up, one tries to connect the increase of hardness with other facts con- 
sidered simple because they are observed daily and because habit makes us accept 
them more readily and makes us consider them as fundamental truths. 

As the experimental proofs of the accuracy of these conceptions appear to me for 
the moment diflScult to produce, one may define with more or less ingenuity one or 
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another explanation while being certain that he will not meet with serious objections. 
One may in this way go on arguing indefinitely, and it is this which for some has the 
charm of diversions which are more metaphysical than physical. 

One remains in the domain of hypothesis. Not that I deny the part of these in 
science, where indeed it is considerable, but they are of real interest only as they are 
fruitful in provoking research, and I seek in vain what has been until now the useful- 
ness of these hardening theories in adding to our knowledge as well as in the progress 
resulting from their application. 

Conditions op the Formation of Martensite 

Martensite is formed when the transformation on cooling takes place at a low 
temperature without recalescence (point Ar"). If the external conditions which 
regulate the law of cooling are not modified during cooling, the higher limit of Ar" 
may be placed at about 350° C. It has been possible to observe the formation of the 
aggregate troostite with recalescence at a low temperature (350°) in modifying sud- 
denly the law of cooling through the removal of the sample from the quenching bath 
(interrupted hardening). 

This formation of troostite from austenite with evolution of heat is also observed 
on reheating for tempering certain steels which have been drastically quenched. 
On the other hand, martensite may be formed through the tempering of austen- 
ite during cooling following the separation of carbide on heating (secondary 
quenchings). 

Considering the case of a simple quenching, that is to say, the gradual cooling of a 
steel from a temperature exceeding the transformation temperature on heating, the 
formation of martensite will depend upon the following factors : 

Kind of steel and structural conditions before transformation. 

Temperature and length of heating. 

Rate of cooling. 

The influence of the two principal factors, namely, heating temperature and rate 
of cooling, the other factors remaining constant, may be thus expressed ; 

1. For a given temperature martensite is formed when the rate of cooling exceeds 
the critical speed of quenching causing a part at least of the transformation on cooling 
to take place at the low temperature Ar". 

2. For a given rate of cooling, martensite is formed when the temperature on 
heating exceeds the corresponding critical quenching temperature. This double condi- 
tion may be expressed by the curve characteristic of the quenching of any given steel, 
(See Portevin and Chevenard.) 

The conditions of the formation of martensite resulting from these characteristic 
quenching curves must be modified when the structures are initially coarse or abnor- 
mal, and also in the case of complex laws of cooling. 

Finally, pressure must play a part in the formation of martensite as it does in all 
transformations accompanied by a change of volume. At present, however, the 
importance of these instantaneously developed stresses during cooling, and therefore 
their influence, cannot be measured. This role of pressure seems to be indicated by 
the differences between the critical speeds of quenching of some wires and some cylin- 
ders and also by the occurrence of martensite in the center of the troostitic re^ons of 
quenched samples. 

Mechanism op the Formation op Martensite 

The solid solution gamma or austenite may result in two transformations yielding 
two states of different stability, namely, gamma solution into pearlite, troostite, or 
sorbite, and gamma solution into an alpha solution or martensite. 
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The second state is less stable: it is metastable, compared to the first one, and 
therefore can be produced only in case of surfusion. 

The mechanism is entirely comparable to that of the solidification of cast iron 
which may result in a metastable condition involving the formation of carbide of 
iron, and which can take place only in case of surfusion. 

In applying the Bancroft-Ostwald rule, one may assume that an intermediate 
metastable state is formed, namely, carbide of iron in the graphitic solidification of 
cast iron, martensite in the pearlitic transformation of steel. The direct experimental 
proof, however, of this transitory martensitic stage has not been obtained, and this 
hypothesis is at the time useless. 

The mechanism of this phenomenon, therefore, is in no way peculiar and is in 
accordance with the behavior of metastable states. One should not go so far, how- 
ever, as to apply the intervention of these metastable martensitic states to all the 
quenching phenomena observed in metallic alloys such, for instance, as duralumin. 

3. Crystallographic Structure of Martensite . — Not having personally studied x-ray 
analysis, I can only refer to the conclusions of those who have done work in 
that direction. 

4. Influence of Strains . — My opinion on this subject is expressed in my answer to 
question 2. 

I will only call attention to the fact that the hardness resulting from the quenching 
of alloys and which always appears to be correlative with a transformation at a low 
temperature is not necessarily accompanied by an expansion as is the case of martens- 
ite. It may correspond to a contraction (alloys of gold and copper). In dealing 
with hardening through strains, therefore, these two cases should be considered. 
The tensile strength of steel produced by cold working after quenching and tempering 
and by a martensitic quenching, is practically the same in both cases. 

The similarity between the effects of cold working and of martensitic quenching is 
qualitative only in the case of the hardness, the elastic properties, the refining of the 
structure, and the density. It no longer exists in regard to the essential physical 
characteristics of martensite, namely, absence of point Ao, high electrical resistance. 
Moreover, the experimental study of internal strains shows that there is complete 
reversal in their re-partition when the strains created by rapid cooling are compared 
with those resulting from cold working. 

Under those conditions this interpretation can only be satisfactory to those super- 
ficial minds possessed by the demon of analogy. 

P. Dejean* 

1. All the tests performed with martensite, such as determination of the dis- 
continuity of ferro-magnetism, dilatation at 210°, x-ray examinations, etc., agree in 
showing that in that constituent iron is to a great extent in the alpha condition and 
that there is no free carbide present. On the other hand, seeing that the decomposi- 
tion of martensite by gradual heating never yields graphite, but solely cementite and 
ferrite, it is logical to infer that martensite is a solid solution of carbide in alpha iron. 

There is one point, however, which should receive our attention, namely, that 
from a microscopical point of view, martensite does not give the impression of a homo- 
geneous constituent. Under very high magnification, one distinguishes clearly a 
needle-like constituent on a clear background. There seems to be two phases. As 
to their nature, several hypotheses may be offered. One might wonder if they are 
not two '^solutions'' of the carbide Fe*C, one in gamma iron (austenite), and the other 
in alpha iron. It is not impossible, however, that in both solutions the carbide should 

* Director, Testing Laboratory Polytechnic Institute, Grenoble University”, 
Grenoble^ France. Translation, 
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be dissolved in alpha iron and that the only difference would consist in the percentage 
of carbide dissolved — in the same way that the solutions camacite and taenite of 
meteoric irons differ only by the proportion of nickel dissolved in the iron. 

All this tends to prove that the mystery of martensite is not yet completely solved. 

In regard to the hardness of martensite, it is probably closely related with its 
method of formation at a low temperature. 

2. When steel is cooled from a sufficiently high temperature the allotropic trans- 
formation of gamma iron (Ars) and the separation of the carbide from the solid solu- 
tion (Ati) which is a consequence of it, occur at temperatures which are the lower the 
greater the passive resistances. These resistances are increased either by the speed 
of cooling, by the addition to the steel of a certain number of special constituents 
(nickel, magnesium, chromium, tungsten, etc.), or through a number of other causes 
but little known at the present time — such, for instance, as the more or less advanced 
dissociation of the dissolved carbides. 

As the rigidity of the metal increases as the temperature falls, and as the transfor- 
mation at the point Ara as well as that at the point Ari includes increases of volume, 
a point is reached when the temperature to which the passive resistances have lowered 
these points is too low to permit the normal transformation to take place. They 
are completely or partly suppressed, and the metal is preserved out of equilibrium. 
The difficulty, however, of maintaining it in that state is the greater the lower the 
temperature, because the tendency of the metal to return to a state of equilibrium 
increases as the temperature is lowered. A point is reached, therefore, when although 
the rigidity of the metal is too great to permit the allotropic transformation of the 
iron with separation of carbide, as takes place at the point Arssi, it is not sufficient to 
prevent a partial return to a state of equilibrium. It is in this way that at about 250® 
(a point which may be designated by the symbol Ar" or by the letter B) the allotropic 
transformation gamma to alpha can take place without obliteration of the solution 
of the carbide. 

3. As I have not taken up the spectrographic study of martensite, by x-rays, I 
have no personal opinion in regard to the positions occupied by the carbide molecules 
in the crystalline structure of alpha iron. 

4. It cannot be denied that cold working and quenching often impart to steels 
very similar properties. It is also probable that the formation of martensite which 
takes place at a low temperature accompanied by an important change of volume, 
produces in the steel tensions of an order comparable to those resulting from cold 
working. One should avoid, however, carrying too far the resemblances between 
these two phenomena. 

G. Grenet* 

1. As I do not know the exact definition of martensite, I do not know the charac- 
teristics by which it can be defined. The experimental fact is that all the very fine 
aggregates to which the name of martensite is given, result from a transformation 
with change of phase at a low temperature. 

The relation between cause and effect independently of all hypotheses which bind 
the low temperature transformation with the hardness and the fineness of structure is 
the important fact by which hardening is characterized. 

As for the cause of hardness, I must be more reserved. I would be inclined to say 
this : When the elements of a phase are very small the atomic attraction of the com- 
ponents of an element of a phase is noticeable at the center of neighboring elements. 
The distinction between structural equilibrium and physico-chemical equihbrium 
disappears in this way in a continuous fashion as the structure of an aggregate 
becomes finer. 


♦•Paris, France. Translation. 
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This extreme fineness at which structural equilibrium ceases to be distinguishable 
from the physico-chemical equilibrium characterizeSi in my opinion, the colloidal 
state, and the term colloidal aggregate is better suited, in my opinion, to the aggre- 
gates designated as martensite than to the aggregates called troostite and sorbite. 

When this extreme fineness is reached, whether the distinct crystallites belong or do 
not belong to the same type, any mechanical action tending to increase the absence of 
equilibrium meets with a great resistance, whence the hardness. 

2 The condition necessary to the formation of a very fine and very hard aggregate 
(martensite) consists in the transformation with change of phase at a temperature low 
enough to make it impossible for the elements set free to reassemble again. This 
temperature varies with different alloys. 

In quenching most steels, the aggregate is formed through the decomposition of a 
phase supersaturated with its two constituents. In hardening copper-aluminum 
alloys rich in aluminum, the aggregate results from the elimination of one element only 
from the supersaturated phase. It is natural that the appearsaice of aggregates formed 
in such different conditions should be different. 

3. To those who say that martensite is the alpha phase supersaturated with 
carbon, I generally make the following objection : It is surprising that that phase alpha 
supersaturated with carbon is easier to produce when it contains 1 per cent, carbon 
than when it contains only traces of it. It is also surprising that what leaves the 
solution most readily is iron. 

Without being too affirmative upon this point, it seems to me that it is more logical 
to consider hardened steels as being formed of several types of crystalline elements, 
rather than of only one type. 

It seems to me likely that during the low temperature transformation, the element 
ferrite, which separates in greater mass than the element cementite and which is more 
malleable, crystallizes in larger elements than the element cementite, admitting that 
these elements are formed. The element ferrite, moreover, is already very small and 
one may suppose that the cementite elements are too small to present a number of 
rectilinear planes large enough to permit the character of cementite to be detected by 
a^ray analysis. 

One of the observations which contributes most to create a distinction between 
martensite and other aggregates, and to the consideration of martensite as a homo- 
geneous phase, is that of the discontinuity of the transformation during cooling 
on quenching. 

Taking up again, in a modified form, a conception of Osmond, one sees in that 
discontinuity a separation of two distinct transformations and one of these transfor- 
mations, the one which occurs at a low temperature, corresponds to the formation of a 
homogeneous phase or solid solution. This discontinuity, however, is not confined to 
steel. It may be observed in the rupture of all unstable equilibria. As many dis- 
continuities as one wishes may be observed by adopting a suitable law of quenching 
and also in many cases (especially with carbon steels) continuity may be observed. 

4. I have formerly attributed the hardening to a congenital cold working of the 
elements set free in the metal in a non-malleable matrix and at the same time I have 
indicated the possibility of the influence of the fineness of the structure. I am today 
inclined towards the latter hypothesis. There exists, however, between the quenching 
phenomenon and the cold working phenomenon a very sharp parallelism. 

Hardening by quenching takes place only if the transformation temperature is low 
enough and therefore the metal lacking enough in malleability to prevent the elements 
set free from reassembling. 

Hardening by cold working takes place only when, at the temperature at which the 
metal is deformed, it is sufficiently deprived of malleability to prevent the disorgan- 
ized and dispersed elements to reassemble. 
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Leon Guillet* 

1. Martensite seems to me to be alpha iron plus some gamma iron containing 
carbon in solution. The very small size of the constituents explains the hardness. 

2. In order that martensite be formed in an alloy, a eutectoid must be present and 
the speed of cooling must be sufficient to lower the transformation point to about 
350® C. One may, therefore, regulate accordingly the quenching temperature or the 
quenching bath. 

3. No answer. 

4. Strains play a very small part in quenching. 

Sir Robert HADFiELDf 

1. Martensite (martensitic structure) is believed to be a solid solution of carbon or 
carbide of iron in alpha iron. • Sufficient evidence does not seem to have been accumu- 
lated that would enable anyone to determine definitely what is the cause of the hard- 
ness of martensite (martensitic structure), or whether the carbon, when in solid 
solution, exists as atoms of carbon or molecules of FeaC. 

2. The condition necessary for the formation of martensite (martensitic structure) 
is that the liberation of internal energy should be partially suppressed, and this is 
achieved by causing it to take place at a lower temperature than when it is allowed to 
take place freely. 

The mechanism of this formation is not fully known, but appears to be connected 
with movement along the cleavage planes of the allotriomorphic crystals. 

3. As to the position of the carbon in the space lattices the evidence does not 
seem to be conclusive. 

4. Cases are well known in which stress alone, resulting in strain but without 
alteration of lattice, is sufficient to produce a considerable increase in the ball hardness 
of certain steels. On the other hand, it has not been conclusively determined whether 
the presence of strain is always a necessary condition of the hardening. 

W. H. HATFIELDf 

1. As regards the nature of martensite and the cause of its hardness, I should 
answer that my belief is that the essential characteristics of martensite are, firstly, 
that it is intensely hard, and secondly, that it is largely a solid solution. It would 
appear that the cause of its hardness is due to the fact that it is essentially, though not 
completely, a solid solution. One outstanding experiment of my own, which I never 
published, consisted of taking a heating curve of the hardened state of steel by the 
differential method. It is very difficult experimentally to determine exactly the rela- 
tive amounts of heat evolved, say, in cooling a carbon steel reasonably slowly through 
the critical point and the amount of heat evolved on heating a hardened piece of the 
same steel. My attempt, however, to make this comparison, put me in the possession 
of the knowledge that on heating “hardened steel there is an evolution of heat approxi- 
mately of the same order as the evolution of heat when normally passing through the 
carbon change point. This is, therefore, a fundamental fact of very considerable 

♦ Director, Ecole Centrale, Member of the Institute of France, Paris, France. 

t Sheffield, England. 

• It will be noticed that in giving the answer to question 1, alpha iron is mentioned. 
This is necessary as the distinction between martensite (martensitic structure) and 
austenite, or austenitic structure, is that between alpha and gamma iron, as confirmed 
by the x-rsy methods of Sir William Bragg. 

t The Brown-Firth Research Laboratories, Sheffield, England. 
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importance, and it does mean that any modification that has been wrought in the solid 
solution condition existing at high temperatures by the sudden quenching, although 
still existing in the solid solution state, has, from the physical chemistry point of view, 
been of a much less magnitude than is held by many people in considering this question. 
The very considerable evolution of heat to which I have referred, which occurs during 
the heating of hardened steel, suggests the preservation of the solid solution state 
existing at high temperatures before trapping, but against this deduction one has to 
apply the more important fact that martensite is definitely magnetic, whereas the 
gamma solid solution is non-magnetic. We also have to place along with this latter 
fact the recently determined x-ray observations which suggest that, according to this 
method of attack, the iron in hardened steel is in the crystalline form associated with 
the alpha phase. 

The magnetic characteristics of martensite, while in themselves not necessarily 
indicating the alpha phase, must be taken to do so when supported by the results of 
x-ray crystal study. It would, therefore, definitely be deduced from the above that 
from the evolution of heat given up by the martensite it is a solid solution, and from 
the other evidence, that it is a solid solution in alpha iron. It is, however, clear that 
such a deduction simply corresponds to our present state of knowledge. 

As regards the cause of the hardness, I am led to the view that if the martensite 
were a simple solid solution it would not possess its great hardness, and it well may be 
that it is not a simple solid solution, and that, owing to its being only a metastable 
phase, if indeed it can be considered a phase, the arrest of a transformation before 
completion may, and indeed almost certainly will, result in a great internal stress and 
extremely small crystal structure. I should, therefore, put down the hardness of 
martensite as being due to a combination of internal stress and very small crystal 
structure. 

2. The condition necessary for the formation of martensite is that the steel shall be 
heated above the temperature at which the carbide goes into solution and shall then be 
cooled at a critical rate. Carbon steels do not, within my experimental experience, 
lend themselves for a proper study of the formation of martensite. The change from 
the solid solution, once it begins to take place, is very rapid. If, however, other 
elements are added to the steel, the change from the solid solution takes place more 
slowly, although it is somewhat begging the question to consider, as we do, that a 
strict analogy may be made between a steel heavily charged with other elements and a 
plain carbon steel. If, however, we agree that it is correct to work by analogy, then 
undoubtedly there are steels such as high chromium steels and the high nickel steels, 
the result of the quenching of the solid solution of which, leads to the production of an 
extremely ductile condition of the steel which is in no sense hard. Such quenched 
conditions of alloy steels do, under the x-ray method of attack, give evidence that 
their crystal structure is dissimilar to that of the alpha phase. Also, and here I 
would refer you to an article of mine which will appear in the Metallurgisty tne supple- 
ment to the Engineer f this autumn, probably in September: this soft gamma state of 
alloy steels will, under a cold-work effect, be converted into a cystalline condition 
identical with that of alpha iron. It is also a fact that such alloy steels, after quench- 
ing in a solid solution condition, will, on tempering at gradually ascending tempera- 
tures, yield a hardness, which, if it. cannot be considered equivalent to the hardness of 
a characteristic martensite, undoubtedly approaches in that direction and thus yields 
the alpha phase. From these observations you will see that my deduction is that 
martensite is the intermediate product between the real solid solution existing at high 
temperatures and the ultimate soft condition of the alpha state. 

With regard to the mechanism of the formation, I think it is to be inferred from 
what I have already said, that the actual mechanism can be described as an arrest in 
the transformation of one phase to another as discussed under question 1. 
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3. This question takes one much further into the realms of theory than the fore- 
going but I should emphatically state that it is my opinion that the carbon is in solu- 
tion as carbide, FesC or some chemical equivalent. I do not think I will go to the 
length of explaining why, but it is quite clear that if carbon is placed in contact with 
iron at elevated temperatures, FeaC is formed : that is a definite and established fact. 
When carbon separates out of solution it falls out as FeaC, and I would refer you to 
a paper of mine in the Proceedings of the Royal Society, Vol. 85, 1911. This is my 
understanding of the matter. I am well aware that this subject in itself may be dis- 
cussed at great length and that a very good case could be made in the opposing direc- 
tion. Having asserted that I believe the carbon to be in solution as FeaC, it is then 
necessary, to answer your question, that I describe how the atoms of the carbide 
molecules should be placed within the crystal. Here I must confess that much as I 
have endeavored to familiarize myself with the space lattice arrangement of the 
atoms, I have not yet obtained from the pure physicists an adequate conception of 
the possibilities in this direction. In the find; place, one must obtain a much more 
familiar knowledge of the atom itself before one^s conceptions can take definite shape. 
However, if one again accepts, and I believe one is entitled to do so, the view held 
by physicists on this particular aspect, it might be reasonable to assume that the iron 
atoms of the carbide aggregate tend to take up positions on the normal space lattice 
of the iron, the carbon atoms being probably situated inside the normal space 
lattice of the iron atoms. 

4. 1 have already said that I think that the internal stress, and probably also 
permanent strain effects resulting from quenching, play a very important part in the 
production of the hardness, and this, in my opinion, is confirmed by the fact that a 
martensitic condition of steel, if tempered at a low temperature, t.e., a temperature 
below that at which, so far as we know, the constitution can be modified, the hardness 
becomes less and the ductility greatly increased. 

Samuel L. Hoyt* 

1. My opinion of the nature of martensite is practically as given in the Hanemann- 
Schrader paper of 1925. The hardness is due to the phase of about 0.9 per cent, 
carbon in which the carbon and iron are in forced solution or combination. The 
high mineralogical hardness would be due to the new interatomic bonds which are 
thereby set up. 

2. Martensite forms when austenite is quenched sufficiently rapid to retain the 
gamma iron solid solution down to about 300 to 350° C. At that temperature austen- 
ite changes to what we call martensite. The mechanism is about as given by Hane- 
mann and Schrader. 

3. After calculating the number of atoms of carbon which may replace the iron 
atoms in the body-centered cubic lattice, and given the density and lattice parameter, 
as measured, my opinion is that a 0,9 per cent, carbon martensite has about half 
its carbon atoms in the lattice and the other half of its carbon atoms in the interstices. 
No cause for such an atomic arrangement is known to me and it may be found later, 
contrary to this picture, that the distribution is simple. 

4. Due to the fact that hardening involves an appreciable volume change, I believe 
that strains must play an important r61e in the process through the pressure effects 
which they will set up. If the pressure distribution were known, the effect would 
be that predicted by applying the principle of Le Chatelier. 


♦Research Laboratory, General Electric Co., Schenectady, N. Y. 
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Kotaro Honda* 

1 . Martensite is a solid solution of carbon in alpha iron, or atomistically expressed, 
it has a body-centered cubic lattic as in ferrite, but with carbon atoms in the interspace 
of the lattice. 

2. From the viewpoint of the rr-ray analysis, the Ai transformation in steels 
consists of the changes : 

A solid solution of carbon in 7 -iron a-iron + Fe*C; 
or, iron atoms of gamma solid solution first change their configuration from a face 



Fig. 10. — Diagram showing position and distribution of carbon atoms in 

BETA martensite. 

centered into a body-centered cubic lattice, carbon atoms being still in the interspace 
between the atoms, and then the separation of carbon as the cementite from the solid 
solution follows immediately. Or, symbolically expressed : 

7 solid solution a solid solution — > Fe + FeaC. 

That is, the Ai transformation consists in its process of : 

austenite — > martensite pearlite. 

During a very rapid cooling, such as quenching in water, the first change from 
austenite to martensite is so far retarded that it begins to take place at a temperature 
below 300® C., and when this change is completed, the specimen which is subjected to 
this treatment is nearly at room temperature, and hence the second change from 
martensite to pearlite cannot take place owing to the great viscosity of the specimen 
at room temperature. Thus the martensite can be obtained by quenching the steel 
in water. 

3. Recently it is confirmed that there are two kinds of martensite, which can be 
tempered at two different temperatures, about 180° and 340°; the one (alpha) is more 
easily etched than the other (beta). 

Carbon atoms in beta martensite very probably have their position in the center 
of the face of an elementary cube, distributed here and there according to the law of 
probability, as shown in the annexed Fig. 10. On the other hand, carbon atoms in 
alpha martensite have probably their position midway between a corner and the 
body-center in the diagonal of the unit cube, also scattered at random here and there 
according to the concentration of carbon. This position is not so stable as that above 
referred to; that is, alpha martensite is less stable than beta martensite. These con- 


• Imperial University, Sendai, Japan. 
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figurations of carbon atoms behave themi^lves like diagonal supporters in a square 
framework, giving to the lattice-building a great strength as a whole, which explains 
the real meaning of the so-called ‘‘hardening carbon.” 

4. Undoubtedly the martensite is undergoing a great internal stress, and hence 
the natural hardness of martensite is increased by the stress as in the case of cold-work. 
It is estimated that the increase of hardness due to the internal stress does not exceed 
150 in Brinell scale. Also the fineness of martensite crystals increases the natural 
hardness of martensite. By “natural hardness” we understand the hardness of a 
single martensite crystal, which does not undergo any stress. According to my view, 
at least H of the great hardness of martensite (650 in Brinell scale) is due to the 
effect of the hardening carbon as explained above, that is, carbon atoms present in 
the interspace of the lattice. 

Zay Jeffries* 

1. I believe that freshly formed martensite in carbon containing steel is fine grained 
ferrite, crystallizing with a body-centered space lattice, in which the carbon is largely 
atomically dispersed, and that the hardness is due principally to the grain refinement 
but partly to the carbon. In aged or tempered martensite the carbon may be partly 
or even largely associated to form myriads of minute particles of iron carbide partly 
within ferrite grains and partly at grain boundaries. The maximum hardness will 
probably occur at a certain stage of association of the carbon. 

2. I believe the main condition necessary for the formation of martensite in carbon 
containing steel is the suppression of the transformation temperature of austenite by 
certain combinations of alloying elements and rates of cooling, to a temperature range 
within which the face-centered cubic space lattice of austenite can change to the body- 
centered cubic space lattice of ferrite independently of the iron carbide formation. 
While the mechanism of this change from austenite to martensite is very imperfectly 
understood, it seems probable that the transformation begins from many centers and 
the main change occurs by the progressive growth of the ferrite from these many 
centers. The austenite would of course decompose at the surfaces of the ferrite grains. 
Only a slight shift in the atoms is required to produce this change. The carbon would 
be largely trapped in substantially the same distribution in which it existed in the 
austenite. The carbon atoms can diffuse slowly at room temperature and more 
rapidly at higher temperatures. A small amount of iron carbide could form simul- 
taneously with the austenite transformation. The rate of diffusion of the carbon is 
so slow that the carbide formation is not completed except after very long aging at 
room temperature, the time becoming shorter the higher the temperature. 

3. I believe that such carbon as remains in atomic dispersion in the ferrite is prob- 
ably in between the space lattice points. I do not believe that FejC is in solid solu- 
tion in the ferrite. 

4. I believe internal strains play an important part in the hardening of steel chiefly 
because of the volume changes accompanying the transformations; t.s., strains 
determine m part to what extent the main transformation takes place. I do not 
believe that internal strains have any important direct bearing on the hardness of 
steel. If there is any effect, internal strains would probably decrease rather than 
increase hardness. 

H. Le CHATEHERt 

1. The hardness of martensite is a specific property of that solid solution similar 
to the hardness of bronze containi ng 20 per cent, of tin. I do not know of any 

* Consulting Metallurgist, Cleveland, Ohio, 
t Member of the Institute of France. 
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previous observation by which this hardness can be explained. Solid solutions of zinc 
in eopper are not hard while those of tin in copper are hard. Silicon is a soft 
substl^Ge but when it is combined with oxygen it yields a very hard substance. In 
the same way, when alpha iron dissolves carbon, it hardens, while gamma iron 
behaves differently. One must not try to explain everything. 

2. In order to produce martensite the solid solution austenite which is stable at 
a iu|^ temperature must be cooled rapidly enough to a temperature at which separa- 
tion of the carbide from the solid solution cannot take place, i.e., below 200® C. for 
ordinary carbon steel, and to a higher temperature for chromium and tungsten self- 
hardening steels. The temperature, however, should not be so low as to prevent the 
return of the gamma iron to the alpha stage. Cooling therefore must be rapid 
down to a temperature comprised between two limits depending upon the composi- 
tion of the steels. Above this temperature zone pearlite is produced or some transi- 
tion constituent such as troostite. Below that zone, austenitic steel results. This 
contains gamma iron and is non-magnetic. 

3. I have no opinion in regard to the condition of the carbon in martensite. There 
is no experimental method by which the condition of substances in solution can be 
ascertained. In the case of salts dissolved in water as, for instance, sodium sulfate, 
some believe that it is the solid salt, others that it is a mixture of hydrates, and still 
others that the salt no longer exists, having been decomposed into ions. It is a ques- 
tion of sentiment. In this case, my sentiment is that carbon exists as cementite 
because it is under that form that it separates from its solution. 

4. I have never studied the lattice structure of iron and have no opinion on that 
subject. 

6. I do not believe that strains can play any role in the hardening of steel. 
When the stresses are uniformly applied to a metal in such a way as to prevent any 
d^ormation, no increase of hardness results, as this depends solely upon the extent of 
the deformations. Since the stresses which may occur when gamma iron changes to 
alpha are not accompanied by deformation, they cannot be a cause of hardness. 

H. H. Lester* 

1. It seems to me that martensite may be defined as an aggregate of small dis- 
torted iron crystals, which crystals may represent a solid solution of iron and carbon. 
The crystals are usually those of alpha iron, but gamma iron crystals may be present 
and may even preponderate in rare cases. Carbon atoms or other foreign atoms seem 
to be essential. Their presence in the iron crystals serve to distort those crystals and 
probably serve also to retard crystal growth. The hardness of martensite seems to me 
to be due to the combined effects of small crystal size and warped crystal planes in 
preventing slip along atomic planes. 

2. Conditions necessary for the formation of martensite are the presence of foreign 
atoms in excess of the amount that would form an unsaturated solution with the iron 
at ordinary temperatures and a rapid cooling rate from a point where the foreign atoms 
are held in unsaturated solution to a point where the solution would be supersaturated. 
Conditions that are peculiarly helpful and that are present naturally where martensite 
is formed with the presence of carbon are the presence of an allotropic transition point 
and a higher solubility for carbon in the allotropic form corresponding to the higher 
temperature. Martensite is then formed by a rapid cooling through the gamma-alpha 
transition point. The mechanism of formation consists essentially in the formation of 
a ifiiperBaturated soUd solution. The crystals of the solution are small, but not 
necessarily sznaller than a critical size that permits the obtaining of sharply defined 
a^ 4 *ay crystal spectnim lines. 

♦ Watertown Arsend, Watertown, Mass. 
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3. I regard the martensite with which most of xis are familiar to be a solid solution. 
I think that the carbon atoms occupy positions near to, but not necessarily on lattice 
points of the alpha iron crystals. It seems probable that each carbon atom may be 
associated with three adjacent iron atoms, the four atoms replacing four iron atoms 
and occupying positions near to, but not on lattice points of the alpha iron crystals 
and forming in effect a molecule of iron carbide. From this view we obtain that the 
solution is a molecular dispersion of iron carbide in alpha iron, and differs but little 
from an atomic solution of carbon in alpha iron. 

4. If strains be taken as displacements of atoms from positions of stability 
then strains within the crystals may be regarded as one of the two principal 
factors in the hardening of steel, the other being the smallness of the crystals. In this 
the strains measure the distortion within the crystals; the distortion and not the 
strain may be regarded as the primary cause of the hardness. 

Francis F. Lucas* 

1. In my opinion martensite is a decomposition of austenite along the octahedral 
crystallographic planes. That martensite is not a solid solution seems to be true 
because more than one constituent is visible under high magnification. Martensite 
responds strongly to two dissimilar etching reagents, picric acid and boiling sodium 
picrate, one of which etches ferrite readily but does not attack iron carbide and the 
other which stains iron carbide but does not etch Or stain ferrite. Neither reagent 
seems to have appreciable effect on austenite under the same etching conditions. The 
sodium picrate usually stains austenite a straw yellow. 

The particle size of the ferrite and the carbide constituents present in martensite 
seems to be bordering just on the range of present microscopic vision and it is possible 
that these particles either singly or in groups may be resolved by methods yielding a 
higher degree of resolution than heretofore employed. 

The conclusion seems justified that iron carbide must be present in martensite and 
it is my opinion that the iron is probably present in the alpha state. The carbide must 
be present in a highly dispersed condition. The uniformity of the structure of martens- 
ite indicates a regular and an orderly procedure in its formation. Deep etching 
does not develop etching pits but does bring out either a mottled appearance or a 
mother-of-pearl coloration. When this coloration is present the structure is found to 
be laminated. The lamellae are continuations of the crystallographic planes inher- 
ent in the austenite. Multiple twinning frequently is found to occur in martensite 
along these crystallographic planes. 

No evidence has been found that a plain carbon steel may become fully marten- 
sitic. The structures at high powers are seen to consist of austenite and martensite 
but more often of austenite, martensite and troostite, sometimes of even lower orders 
of decomposition. 

Martensitic needles have never been found to cross grain boundaries or twinning 
planes, t.e., each needle is contained within a zone of uniformly oriented austenite. 

Each needle has a midrib or vein which etches more deeply with picric acid than 
does the rest of the needle. The presence of a midrib in the martensitic 
needle seems first to have been discovered by Osmond. It is almost always a straight 
line and in my opinion marks the path in the crystallographic plane along which 
decomposition from austenite to martensite first took place, i.e., it is the first metal 
transformed. Since decomposition to lower orders is progressive unless arrested, 
these midribs or veins, in my opinion, indicate that the first transformed material has 
had time enough during the quenching to undergo secondary tamisformation form- 


• Bell Telephone Laboratories, New York. 
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ing troostite so that the midribs of the martensitio needles when they appear are 
really troostite and the outer parts of the needle are martensite. 

In my opinion the hardness of martensite is due to the presence of iron carbide 
in a highb^ dispersed condition. 

' 2. In my opinion the evidence to date seems to indicate that martensite is formed 
at a high temperature rather than at a low temperature. Drastically quenching an 
iron carbon alloy (0. 2.65 per cent.) results in austenitic grains containing a few 
needles of martensite — no other constituents are present in the grains selected which 
can be recognized under the highest powers of the microscope. Tempering at 200® C. 
for a long time does not result in the development of more needles within the grains. 
It does cause the needles to decompose in part or in their entirety to troostite. The 
austenite also undergoes some decomposition of a troostitic nature. The microscopic 
evidence seems to indicate that if a given iron carbon Edloy is quenched drastically the 
martensitic needles are feather-like acicular needles, i.c., more perfectly formed, and 
less troostite is present. If quenched from a lower temperature in a less drastic 
manner than in an ice and brine solution, the martensitic needles are not long, tapering 
and well-formed, but are quite broad and of rather indistinct outline. The structure 
also contains much troostite in small particles. It seems to me that martensite is 
formed by the first shock of quenching. 

3. I do not believe martensite to be a solid solution. 

4. Practically an unimportant one. Strains, in my opinion, are an effect of hard- 
ening rather than a cause. 


John A. Mathews* 

I consider martensite as a solid solution, but whether of carbon or carbide I am not 
yet certain. There seems to be two ways by which martensite could be produced. 
One by quenching from a temperature above the critical and the other by cold work. 
During the quenching operation most of the austenite is converted to martensite, if 
not all. In the case of cold work on austenitic steels, it has been shown that the 
austenite is directly converted into martensite under stress. Therefore it seems 
to me that in addition to Jeffries^ theory, stress does play some part but not a promi- 
nent part. 


A. McCANCEf 

1. Martensite, in my opinion, is an enforced solution of carbon in a mixture of 
alpha iron and gamma iron, but in which the alpha iron is largely predominating. On 
quenching there is a critical rate of cooling which varies with the composition of the 
steel and allows the change from gamma iron to alpha iron to take place, but does 
not permit of the carbon coming out of solution. Consequently, the normal alpha 
iron space lattice is distorted, owing to the presence of the carbon atoms, and the 
hardness of martensite is a consequence of this state of distortion. 

2. The conditions necessary for its formation are the presence of carbon in solution 
in a region of temperature where gamma iron is stable, and a rate of cooling from this 
state to normal temperatures which exceed the criticcd rate of cooling explained above. 

3. I believe that the carbon atoms exist at the center of unit cubes of eight iron 
atoms and replace the center iron atom in the normal alpha iron lattice. 

4. Strains take no part in the hardening of steel. 


♦ Vice president and Metidlurgist, Crudble Steel Co. of America, New York, 
t The Clyde Alloy Steel Co., Ltd., Motherwell, England. 
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Bradley Stoughton* 

1 believe that martensite is the first stage in the decomposition of austenite, and 
that the bulk of the evidence indicates that it is the beginning of a decomposition of 
the solid solution of carbon and gamma iron. I believe that its hardness is caused by 
internal stresses within the crystal which prevent intracrystalline slippage. 

I take it for granted that the conditions necessary for the formation of martensite 
are the cooling of austenite through the range of its normal decomposition at a rate so 
rapid that complete decomposition cannot occur, but yet not quite rapid enough to 
prevent any decomposition. It seems to me that the mechanism of the partial 
decomposition must consist in a change from gamma iron to alpha iron and a separa- 
tion of this alpha iron from solution. I do not know any evidence as to whether the 
change from gamma to alpha precedes the separation from solution, but I should 
assume that the change from gamma iron to alpha iron would be the first step in the 
decomposition, both because there would be no tendency to separate from solution 
unless the iron were changing into the alpha state, and second because the change from 
gamma to alpha is evidently a much more rapid one than the separation of iron from 
solid solution, as evidenced by the fact that cooling is not rapid enough to bring 
pure gamma iron to atmospheric temperatures, but it is comparatively easy to 
bring a proportion of solution to atmospheric temperatures by rapid cooling. 

You ask whether I believe that the solid solution is of iron with carbon, or of iron 
with cementite. I have no opinion on this question and have used the general term 
of iron with carbon, without intending to indicate thereby any prejudice against a 
belief in a solid solution of iron with cementite. 

I believe, in a general way, in the evidence given by the x-r&y spectrometer, but I 
can not agree that the results can be interpreted with sufficient definiteness and 
accuracy to indicate what positions the atoms of the different elements occupy in 
the space lattice. It seems to me that the x-ray spectrometists overlook the com- 
plicated nature of the atom as indicated in the electron theory of matter. 

I believe that strains existing in the interatomic bonds within the space lattices are 
chiefly responsible for the inflexibility which I associate with the hardness of steel. I 
believe that the bonds are under such stress that they have not the elasticity to permit 
deformation without rupture. The slip interference theory for the hardness of over- 
strained metals seems to meet that particular type of hardness only to a limited extent. 

F. C. TnoMPSONt 

1 . Martensite is a supersaturated solid solution of carbon and iron carbide in alpha 
iron, together with, under normal conditions, a certain amount, probably small, of 
unchanged austenite. It is not uniform in composition, the needles being of different 
carbon content from the rest of the mass. They are probably lower in carbon than the 
matrix. It is formed by needles of alpha iron containing carbon forming from the 
austenite under the action of the stresses set up in the process of quenching. These 
needles are not twinned gamma iron but are probably to some extent pseudomorphic 
after the latter. The hardness is due to several factors. In the first place the needles 
formed act as strengthening scaffolds throughout the mass. Secondly, there must be 
an appreciable amount of distortion of the space lattices which -will also increase the 
hardness. And, finally, I do not see how there can but be severe internal stresses which 
will also have the same effect. 

Even where needles cannot be seen I still think that they are present, perhaps on 
an ultra-microscopic scale. The law of mass action appears to me to demand that 


* Professor of Metallurgy, Lehigh University, Bethlehem, Pa. 
t Professor of Metallurgy, University of Manchester, England. 
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both free carbon and iron carbide should be present in solution. The tem- 
pering properties also seem to me to be compatible only with the view that some 
austenite, or perhi^ more strictly speaking gamma iron, is normally retained. 

2. The conditions necessary for its formation appear to me to be limited to the 
single condition that the rate of cooling should be greater than a certain critical value. 
The mechanism of the formation is the gradual production of needles of a supersatu- 
rated solution of oartxm and carbide in alpha iron along the octahedral planes of the 
original austenite. These are of lower carbon content than the original austenite, 
which latter must, therefore, become richer in carbon as the process proceeds. The 
volume change due to the change from gamma to alpha iron will cause internal stresses 
and strains of a gradually increasing magnitude. 

8. All that I think can be definitely said at the moment is that the carbon atoms 
rest in between the iron atoms. 

4. Already answered. Hardening cracks are the best evidence for the existence of 
very severe internal stresses approximating to the tensile strength of the material. 


DISCUSSION 

Z. Jeffmes and R. S. Archer, Cleveland, 0. (written discussion). — 
The members of the Institute are indebted to Prof. Sauveur for his com- 
pilation of current opinion on the hardening of steel. Quite aside from 
any possible value in the establishment of scientific truth, such a digest 
can not but be interesting, and will probably be still more interesting in 
retrospect “thirty years later.” 

There is, of course, only one correct answer to the question, and it 
should be the object of all scientists to ascertain this answer. It is not 
anticipated that all the details of this problem will be worked out for many 
generations. It is important, however, in these studies to hold the 
ground which science has already won, to provide a sound foundation 
for further investigation, and to thus progress toward an even better 
imderetanding of the hardening and hardness of steel. 

It seems probable that much ground would be lost if certain of the 
views put forward in the present paper were given the weight ordinarily 
accorded Prof. Sauveur’s conclusions. His ideas on the sequence of 
changes in the hardening and tempering of steel, his conception of troost- 
ite, and his views on beta iron as a factor in hardening are at variance with 
the great mass of existing evidence. In fact, he makes no attempt to 
reconcile his views with the conflicting evidence. 

The writers were interested in Prof. Sauveur’s “clear anticipation” of 
the slip-interference theory of hardening, as stated in his paper. (See 
page 874.) In preparing their statement of this theory* the writers availed 
themselves of the results of many previous investigations, the most funda- 
mentally important of which were carried out within the last 30 years. 
If tiliere is any merit in this statement, the credit is due to the entire body 

* Zay Je^es and R. S. Archer: Slip-interference Theory of the Hardening of 
Metals, Ckm. and Met. Eng, (June, 1921). 
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of scientific men whose work has made the generalization possible. The 
establishment of truth is, however, a more important objective than the 
apportionment of credit. 

It is not desired to detract in any way from Prof. Sauveur^s splendid 
pioneer work on the hardening of steel, but the writers would like to point 
out that, his theory of hardening of 1896 as given on page 874, is not in 
accordance with their own. The slip interference theory in part rests on 
the following fundamental postulates: 

1. The hardness and strength of even the hardest alloys depend 
primarily on the high inherent cohesion of the atoms of the predominant 
metal. 

2. Metals are commonly soft because of the existence of planes of 
potential slip which render impossible the realization of this inherently 
great cohesion. 

3. The hardening and strengthening of metals by any of the known 
methods may be considered as due principally to ^^slip-interference.’^ 

Prof. Sauveur’s explanation of 1896 involves the older conception that 
iron is inherently soft, so that the hardness of hardened steel must be due 
to the presence of some material which is itself very hard. In fact, he 
supposed that it was necessary for the soft iron to be surrounded ^^on all 
sides” by the hard cementite. There was naturally no mention of the 
fundamentally important slip mechanism of deformation, since this was 
not discovered until after 1896. 

The problem of the hardness of hardened steel is now one of evaluating 
the various factors which may increase resistance to slip. This evalu- 
ation must rest, of course, on a true conception of the constitution of 
hardened steel. 

During the last few years considerable progress has been made in 
quantitative estimates of the slip-resisting factors in both ferrous and 
non-ferrous metals and alloys. At the present rate of progress a still 
better understanding of hardened steel can confidently be expected in the 
near future. The writers can hardly agree with Prof. Sauveur that the 
progress of the last 30 years ‘‘does not constitute a very material advance 
if advance at all.” 

S. L. Hoyt, Schenectady, N. Y. — I should like to associate with Dr. 
Jeffries and Mr. Archer in expressing appreciation of this contribution of 
Prof. Sauveur, but time is limited and I will proceed to a few remarks. 

I notice that Prof. Sauveur lays emphasis on the phase rule and its 
requirement as applied to the study of the constitution of steel. In that 
connection I would interpret Prof. Sauveur’s paper as assuming four 
phases to be in equilibrium at the pearlite transformation point; the first 
being austenite; the second, troostite; the third being iron of the pearlite, 
and the fourth iron carbide of the pearlite. But the phase rule shows 
that four phases are not possible under conditions of stable equilibrium. 
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Prof. Sauveur indicates in his diagram that they do not occur 
fflmultaneously, but if we have stable equilibrium, the phases present 
during equilibrium must co-exist. I would like to hear if Prof. Sauveur 
feels that separating these phases in the diagram eliminates the 
disagreement with the requirements of the phase rule. 

We also have further evidence which to my mind shows that these 
phase relationships are different from what Prof. Sauveur assumes: First- 
ly, pearlite has been shown by Col. Belaiew to form on octahedral planes 
of a face-centered cubic lattice. According to Prof. Sauveur’s descrip- 
tion, pearlite would form in a body-centered lattice. Secondly, pearlite 
which forms from troostite, is known to be granular pearlite, but the pear- 
lite which forms on slow cooling is lamellar pearlite. Consequently, these 
two experimental facts are opposed to the conception Prof. Sauveur has 
presented. 

The general disagreement among metallurgists to whom the paper was 
submitted indicates that something rather fundamental is still lacking 
and as if we did not have the proper fundamental conception of 
the constitution of quenched steel. 

Last fall in Cleveland 1 had the pleasure of reading a paper by 
Hanemann and Schrader which dealt with the subject and presented an 
entirely new viewpoint. Since reading that paper, the metallurgical 
colloquium at the Research Laboratory has made a study of the paper, 
and it appears to us to be inherently sound, and offering a very valuable 
viewpoint from which to consider the constitution of steel. This is to be 
published in the February number of the Transactions of the American 
Society for Steel Treating, and it seems to me that those interested in this 
question can study this paper with a great deal of interest and profit. 

J. Alexander, New York, N. Y. (written discussion). — Prof. 
Sauveur’s paper is most welcome, not only to metallurgists, but also to 
those lesser breeds of scientists without the law of metallurgy who dare to 
look from tl^ir own angle at so highly a disputed question as that of the 
hardening of steel. His 1896 paper on this topic registered direct hits in 
two important particulars: 1, that fine dispersion is a vital factor in the 
hardness of martensite; 2, that the details of its structure are so minute, 
that even the highest magnification gives little indication of its chem- 
ical composition or structural character. (Parenthetically, I may ob- 
serve that the colloidal zone be^ns just about at the limit of 
microscopical resolvability.) • 

Metfdlographs, like biological slides, even in what they do show, may 
oftaa exhibit artifacts consequent on the treatment of the specimen; but 
in any event, they fail to reveal the important submicroscopic structure 
of the material involved. The *-ray spectrometer, in jumping from 
dimensioiui measured in microns to those measured in Angstrom units, 
leaps ovOT the calloidal zone lying between; and while it can tell us much 
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about the space lattice of crystals, is not determinative of the dze or die- 
tribviion of Hzes of the very crystals into whose inner structure it prys. 

The Zone op Maximum Colloidality 

Metallurgists are facing in their own field what chemists and physicists 
are still fighting over — the lines of demarcation between solution, colloidal 
solution and suspension. If we could but apply the ultramicroscope to 
metals, as has been done with solutions, colloidal solutions, suspensions 
and even solid soaps, glasses and pyrosols (Lorenz), much evidence now 
hidden would be brought to light. Just in this neglected area we have 
what I termed the zone of maximum colloidality, and what Merica and 
Jeffries and Archer called critical dispersion. 

The fact that S. U. Pickering was able to make extremely stiff masses 
by the mayonnaise method of emulsifying finely soap water and kerosene, 
indicates that degree of dispersion with its tremendous release of surface 
forces, rather than ‘^keying effect’* is a critical factor in hardening; for 
soap water and kerosene can hardly act as keys. Similarly, the firmness 
of putties made by mixing a definite weight of oil with like weights of any 
inert mineral ground down to varying degrees of fineness, will increase in 
proportion to the fineness of the grinding — the zone of maximum colloidal- 
ity, which approaches that of true solution, is not as a rule reached in 
this fashion. 

Sweeping aside, as the shadow, all such apparent differences in 
answers to the questionnaire as are due to variations in nomenclature, 
scope of definition or confusion of effect with cause, and visualizing the 
material phenomena beneath, it seems to me that most of the metallurgists 
consulted believe that fineness of dispersion is a dominant factor 
in hardening. 

A return to first principles might be aidful, since there is no reason to 
believe that metals are exempt from the general laws of nature. There- 
fore let us first consider the basic meaning of “hardness” and the methods 
whereby it is measured. 

Hardness 

Concisely, “hard” means not easily scratched; “hardness” means 
resistance to scratching, indentation, or abrasion. Hardness is usually 
determined by forcing, under pressure, against or across the object being 
tested, another hard object, and noting the nature of the scratch or dent, 
if any. Mineralogists use Moh’s table comparatively. This begins 
with talc and ends with diamond, the standard minerals being mainly 
definite chemical substances possessing a definite space lattice. Over- 
looking the differences between the different crystal faces of the same 
crystal, their hardness is due to the specific attractions of their constitu- 
ent particles (atoms, molecules, or molecular groups, as the case may be). 
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In the case of sandstone, for instance, the particles are quite visible, and 
consist of millions of molecules. 

When we leave the domain of chemical individuals, and study 
aggregates, the phenomena become more complex; for we must then con- 
sider the irderf octal forces between the individual constituents, as well as 
the intrafacial forces within them. We have every reason to believe that 
the bond between two different interfaces may be stronger than that of 
either free surface to its own kind — just as a man may leave his parents 
and cleave to his wife. Thus a glued wooden joint is considered satis- 
factory if the wood splits before the glue lets go; in which case the inter- 
facial forces glue /wood and glue /glue are greater than the forces wood/ 
wood. With aggregates, as the free surfaces increase, their effects in- 
crease, until molecular subdivision is approached. Then the tendency of 
the particles toward assuming a space lattice relationship to each other, 
results in a decrease in hardness, a condition which might be considered 
as a straining toward a position of minimum of potential; for kinetically 
speaking, the deadest thing is one big crystal. (Would not “One Big 
Union'' be the social counterpart?) 

With colloids, whether they consist of ultramicroscopic crystals or 
random groups, quite the opposite is the case. As Thomas Graham 
remarked: “Colloids possess Energeia, which even in metals, may slowly 
express itself. Tin and lead anneal at room temperature, and old lead 
roofs are said to consist of a few large crystals. Freshly-deposited 
travertine at Mammoth Hot Springs (Yellowstone Park) is crypto- 
crystalline; but on going up the hill I found increasing evidence of 
crystallinity, until, at the top, where geologists estimate the deposits to be 
20,000 to 30,000 years old, I found large glistening crystals." 

The Intermediate Colloidal Zone of Dispersion 

To reach the state of microscopically-visible particles from a state 
of true molecular dispersion (which often occurs on cooling), or conver- 
sely, to reach a state of true molecular dispersion from visibly coarse 
subdivision (which often occurs on fusion), the melt must traverse the 
gauntlet of the intermediate colloidal zone of dispersion. This obvious 
principle has been experimentally demonstrated by von Weimam, the 
well known Russian physical chemist. With metals and alloys, the 
transition may be complicated by intercurrent allotropism, chemical 
changes and variations in degree of solubility with temperature. 

Metallurgists are not quite agreed upon the chemical identity of the 
individual phases or individual substances in martensite, but the pre- 
ponderance of evidence is that we have there mainly a dispersion of 
cementite (FeaC) in the alpha allotrope of iron. When hardened steel is 
treated with acid, a large part of the carbon combines with the hydrogen 
incidentally formed, and comes off as hydrocarbon gases of peculiar 
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odor. This is not so with tempered steel, and is evidence of the extreme 
fineness of the cementite in martensite. As several point out, martensite 
may contain some free carbon and some gamma iron, for we have an 
attempt toward a kinetic equilibrium, which is interrupted by increase in 
viscosity, but which slowly strives to establish itself. Hence, as Prof. 
Sauveur puts it, fresh martensite begins to age as soon as it is formed. 
This aging is quite characteristic of colloidal dispersions, and is due to 
aggregation. 

On reading over the views of the many distinguished metallurgists 
who answered the questionnaire, as well as Prof. Sauveur’s own views, 
the fact emerges that many of them believe and practically state, though 
in other and various language, that martensite is essentially a colloidal 
dispersion of cementite in alpha iron. Only Grenet, however, comes out 
with this form of expression, which brings the phenomena involved in the 
hardening of steel into line with phenomena in many other fields of 
knowledge. 

So far as I know, Dr. H. Kneebone Tompkins was the first to point 
out the analogy between colloidal and metallurgical phenomena. His 
thesis, presented in 1896, lay unknown in the archives of the University 
of London, until it was published as an appendix, in 1920, to the Report 
of the Joint Discussion on Colloids of the Faraday Society and the 
Physical Society. Prof. C. Benedicks (about 1907), Prof. Wolfgang 
Ostwald (about 1911), and no doubt others besides myself came inde- 
pendently to the same view. But the idea of the zone of maximum 
colloidality, which I advanced some time ago, seems to show why marten- 
site is harder than the finer austenite or than the coarser troostite. 
[Besides Journal articles, see my Colloid Chemistry,'^ 2nd. ed., 1924, 
and Colloid Chemistry,t Theoretical and Applied,” Vol. I, Ch. 1 (now 
in press).] 

A. Sauveur (written reply to discussion). — Discussion of technical 
papers should be, I believe, confined to criticism of the evidences offered 
by the author in support of his views or to criticism of his argumentation. 
Those who have discussed my paper having failed to do this a reply is 
hardly necessary. 

In regard to Dr. Hoyt^s reference to the phase rule, I simply meant 
to call attention to the fact that if we accept the views generally held 
of the nature of martensite and troostite, then quenched steel frequently 
contains four phases; namely, the solid solution austenite, the solid 
solution martensite, the element iron and the compound FesC, while 
accepting my conception of the nature of troostite but two phases are 
present; namely, the solid solution austenite and the solid solution 
troostite. 

In referring to the views I tentatively expressed some 30 years ago to 
explain the hardening of steel, I had no desire to detract from the import- 
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ance of Dr. Jeffries’ and Mr. Archer’s contribution to the study of this 
question. My only reason for mentioning them was to support my con- 
tention that no considerable progress had been made in the last 30 
years in our attempt to explain the hardening of steel. Notwithstanding 
Dr. Jeffries’ and Mr. Archer’s statement, I still believe that the views I 
then expressed were quite anticipatory of what they call the “slip inter- 
ference theory.” If those interested will take the trouble of reading my 
paper of 1896 they may judge for themselves. 

Dr. Alexander’s interesting remarks take us at least out of the beaten 
track into a field which he, at any rate, and some others consider full of 
promise. His philosophy and breadth of view are refreshing and I for one 
wish him and his co-workers Godspeed. Is there a colloidal world and 
does martensite belong to it? 

In the realm of solids are colloids necessarily harder than the solid 
solutions which give them birth, and harder than the aggregates which 
they in turn beget? If martensite is a colloid it should be borne in mind 
that it differs from its parent in containing iron in the alpha condition 
whereas the former contains gamma iron. There is here a critical 
(allotropic) change accompanying the transformation of the solid solution 
into a colloid which is not generally observed. It* is precisely why it is 
difficult to consider the hardening of steel merely as an instance of the 
well known greater hardness of solid solutions compared to that of the 
solvents, be this due to fineness of grains, to distorted lattices, to the 
greater attraction between foreign atoms, to dispersion of the solute or 
to other causes. 
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An Introduction to Ultra-violet Metallography 

By Francis F. Lucas,* Nbw York, N. Y. 

(New York Meeting, February, 1926) 

Previous Work 

A microscope objective of given numerical aperture, when used with 
light of given wave length, has some fixed limit of resolution. This may 
be expressed as potential resolving ability — the ability to resolve is inher- 
ent in the lens but whether this limit is achieved in practice is quite 
another matter. 

Nearly 50 years ago Abbe evolved theoretical considerations which 
indicated that the ability of a lens to resolve detail is directly proportional 
to twice the numericfiil aperture of the objective and. inversely propor- 
tional to the wave length of the light used. It is true, unquestionably, 
that as the numerical aperture of the objective is increased the potential 
resolving ability of the lens is increased and likewise when the wave length 
of the light used is decreased, the degree of resolution is increased. 
Whether Abbe’s formula expresses the exact relationship is not a matter 
of great concern. It suffices to know that to improve resolution, other 
things being equal, two avenues of approach are available. Either the 
numerical aperture of the objective may be increased or the wave length 
of the light decreased. With the apochromatic system it is possible to 
employ successfully wave lengths from 400 to 500 nn and still secure rea- 
sonably short exposures. The present limit for numerical aperture is 1 . 40 
N. A. although objectives of 1.60 N. A. are now an experimental possibility 
for metallurgical work. Thus certain well defined limits are set for those 
who work within the range of the visible spectrum. 

In order to take advantage of the increase in resolving power which 
accompanies a decrease in the wave length of light employed. Dr. A. 
K6hler and Dr. M. Von Rohr of the Zeiss Scientific Staff developed the 
"monochromats.” These are quartz objectives corrected for the single 
wave length 275 mt which lies in the ultra-violet region of the spectrum. 
They also developed a series of quartz oculars and a complete photo- 
micrographic equipment with which to use the quartz optics. Quartz 
must be used for th^ optical parts because glass absorbs ultra-violet 
light almost completely. Thus there was made available about 20 years 


* Bell Telephone Laboratories, Incorporated. 
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ago a complete photomicrographic equipment capable of working in the 
ultra-violet range. This equipment was intended primarily for trans- 
parent specimens mounted on quartz slides and covered with quartz cover 
glasses. It seems that at least several equipments were manufactured 
which also were intended to be used for metallurgical work. An exhaus- 
tive search of the literature has not been made, but the records appear to 
contain little information of results achieved. 

About 4 years ago, in order to investigate the possibilities of ultra- 
violet metallography, the Bell Telephone Laboratories arranged with the 
Zeiss Scientific Staff to design a complete photomicrographic equipment 
using a wave length of 275mm- It was desired to obtain if possible a 
horizontal type of equipment similar in design to the Martens metallurgi- 
cal outfit, which had been used successfully at high powers. The design 
of such a horizontal type of equipment was deemed impracticable by the 
Zeiss Staff so that the equipment finally developed was of the conven- 
tional vertical type. 


Description of Apparatus 

In this equipment the source of illumination is a spark gap and a 
quartz slit. The light passes through a collimator and two prisms of 



Fig. 1. — Schematic diaobam op optical system por working in the ultra- 
violet RANGE. 

quartz to emerge from the prism diaphragm in the form of a line spectrum. 
The desired line is focused on the vertical illuminator of a metallurgical 
microscope and, by means of a suitable optical system contained within 
the vertical illuminator, is caused to illuminate a quartz plate which deflects 
the light downward to the specimen as in any metallurgical microscope 
using the Beck type illuminator. Since light waves invisible to the 
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human eye are used, a fluoresoent screen is employed to center the light 
on the aperture of the vertical illuminator. Once the light is centered 
this screen is removed and another is substituted in the form of a searcher 
eyepiece. The searcher eyepiece is used to view the image and it is 
placed just above the ocular of the microscope. A schematic diagram of 
the optical system is shown in Fig. 1. 



FlO. 2. — ^EQXnPMBNT USED IN TJIiTRA-VIOI-BT PHOTOMICHOGEAPHY. 


The assembled equipment (Fig. 2) consists of two units. The micro- 
scope is the research stand fitted with a special vertical illuminator. It is 
secured to the base of the vertical camera stand. The camera is for 5 by 7-in. 
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plates, or smaller, and permits a bellows extension of 80 cm. but an extension 
of approximately 30 cm. only is used because of the focal computations 
which enter into the problem. The camera is arranged to swing out of 
position so that a searcher or focusing eyepiece, may be brought into 
position just above the ocular of the microscope. 

The searcher consists of a fluorescent screen which is viewed by a 
magnifier. The fluorescent screen has cross rulings so that the magnifier 
may be placed in exact focus for the imi^e, which will be made visible by 
the fluorescence of tiie screen under the action of the ultra-violet rays. 

The camera and microscope are mounted on a stool of substantial 
construction as shown. 

The vertical illuminator consists of a quartz plate mounted in a tube 
and capable of being accurately adjusted. The illuminator has its own 
optical system including a diaphragm which must be coordinated with the 
illuminating train of the spark-generating equipment. The illuminator 
is illustrated in Fig. 3. 



Fig. 3. — ^IixtnnNATOB cbkd With equipubnt shown in Fig. 2. 


The spark generating equipment is mounted in a case which is spaced 
32 cm. from the microscope stool. It consists of a wooden cabinet sup- 
ported on a box to match. Two condensers and a safety spark-gap are 
mounted in the bottom of the cabinet. On top is a T-shaped, adjustable 
optical bench carr 3 ring a diaphragm, a prism table, a collimator and the 
spark stand. The electrode terminals have a micrometer screw adjust- 
ment and both electrodes are opened or closed simultaneously so that 
the gap will function centrally before a quartz slit moimted on the 
frame of the spark stand. The electrodes are strips of cadmium or 
magnesium. 

Mounted on the end of the cabinet is a small mercury vapor lamp in a 
suitable metal housing. The flask mounted in front of the opening in 
the lamp housing, is filled with a green filter solution yielding approxi- 
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mately monochromatic light and is used as a condenser. This lamp 
assembly may be used in two ways. Either it may be swung around 
between the two units of the equipment and thus illuminate the vertical 
illuminator directly or it may be swung back so that a small mirror 
reflects the light through the prism diaphragm. By this latter arrange- 
ment it is possible to center the illumination with the mercury vapor 
light by aligning the optical system of the microscope with reference to 
the aperture of the prism diaphragm. 

The mercury vapor lamp has another important function to perform. 
It provides a steady source of approximately monochromatic illumination, 
free from noise, by which the operator can focus the specimen, study its 
structure, and select a field as a preparatory step to photography with 
the ultra-violet illumination. Once the field is selected with the mercury 
vapor light, it must be refocused with the ultra-violet light using the 


CARBON PLATE 



Fig. 4. — Diagram of electrical system with equipment shown in Fig. 2. 

searcher eyepiece. This is necessary because the effective rays of the 
mercury vapor lamp lie within the visible spectrum. For ultra-violet 
photography the image must be focused with the line used, either the 
cadmium or the magnesium line as the case may be. 

The spark is generated by a step-up transformer, the output of which 
is regulated by a carbon plate rheostat in the primary winding. When 
the system is functioning properly the primary current is 2.5 to3. amp. ata 
voltage of 220 and a frequency of 60 cycles. The secondary potential 
is 10,000 volts. Fig. 4 gives details of the electrical system. 

An expanded metal cage lined with amber glass affords a niaximum 
degree of protection for the eyes against the injurious action of ultra- 
violet light; This cage fits over the spark stand and has a hand hole for 

VOL. LXXIII. — 58. 
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access to the electrode-adjusting screw, also an aperture for the light to 
emerge to the collimator. This arrangement muffles the noise of the 
spark somewhat. 

Tables 1 and 2 contain data compiled by the Zeiss company, descrip- 
tive of the monochroma t objectives and the quartz eyepieces. The 
column of Table 1 headed '^Relative Resolving Power gives the equiva- 
lent aperture of corresponding objectives working with daylight, assum- 
ing such objectives were available. That is, the 6-mm. monochromat has 
an aperture of 0.35, but because of the effectiveness of the short wave 
length of light used, it develops resolution equivalent to that which would 
be developed by an objective of 0.70 N.A. when used with daylight. 

Table 1. — Monochromatic Objectives 
Corrected for X = 275 mm and 160-mm. Tube Length 


Relative 

Resolving 

System Description Power 

Dry series 6 mm. num. ap. 0.35 0.70 

Glycerine 2.5 mm. num. ap. 0.85 1.70 

Immersion 1.7 mm. num. ap. 1.25 2 50 

Table 2. — Quartz Eye-pieces 

Descriptive No. Magnification Focus, Mm 

5 5 36 

7 7 26 

10 10 18 

14 14 13 

20 20 9 


Table 3. — Magnifications and Optical Camera Lengths^ for the Monochro- 
mats and the Quartz Eyepieces at 160-mm. Tube Length and 
X = 275 /iju Wave Length 


Obiectives 

Eyepieces 

5 

: ^ 

I 10 

, 14 

1 

20 

6 mm. 
NUM. AP. 
0.35 

R.R.P. 0.70 

Magnifications . 

Optical camera-lengths 

200 

24 cm. 

300 

25.6 cm 

450 

27 cm. 

600 

25.5 cm. 

900 

27 cm. 


250 

400 

600 

800 

34 cm. 

1000 

30 cm. 

Optical camera-lengths . 

30 cm. 

34 cm. 

30 cm. 

2.5 mm. 
NUM. AP. 
0.85 

Magnifications 

Optical camera-lengths 

600 

26 5 cm. 

700 

26.5 cm. 

1000 
26.5 cm. 

1400 
26.5 cm. 

2000 
26.5 cm. 

R.R.P. 1.70 

Magnifications 

600 

800 

1200 

1600 

30 cm. 

2400 

31 . 5 cm. 

Optical camera-lengths . . . 

31.6 cm. 

30 cm. 

31 . 5 cm. 

1.7 mm. 
NUM. AP. 

1 OK 

Magnifications 

Optical camera-lengths . . , 

700 

24 cm. 

1000 
24.6 cm. 

1500 

26 cm. 

2000 
24.5 cm. 

3000 

26 cm. 

X • aO 

R.R.P. 2.60 

Magnifications 

Optical camera-lengths . . . 

900 

31 cm. 

1300 

32 cm. 

1800 

31 cm. 

2600 

31 cm. 

3600 

31 cm. 
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The 2.5-mm. and the 1.7-mm. objectives develop corresponding improve- 
ments in resolving ability. The values given are theoretical and from 
the writer^s actual observations appear exceedingly conservative. In fact 
it seems doubtful whether the possibilities of these objectives have been 
explored more than superficially so far as practical application is concerned. 

Exact Focusing 

The ultra-violet microscope is an instrument of far greater precision 
than any other microscopic apparatus available for metallography. It 
requires great exactness of focus, which must be obtained by viewing an 
image on a fluorescent screen under an intensity of illumination that is in 
no wise comparable to that obtainable when working with the ordinary 
metallurgical equipments. In fact, the details of the image are just barely 
visible and some expedient must be employed to insure exact focusing, 
as will be described later. It does not permit sitting comfortably at a 
focusing screen and studying the minute detail of the image with a magni- 
fier and making the exact focus which will accentuate the one characteris- 
tic of the structure which it is desired to portray. One must visualize 
the entire field and gage the state of focus by means of the small searcher 
eyepiece. The intensity of the illumination is hardly suflficient to do 
otherwise although the writer has experimented with various fluorescent 
screens in place of the usual focusing screen of the camera. He has con- 
cluded that the searcher eyepiece method is the most hopeful. 

It became evident that if exact focus is to be obtained, except by 
chance, some method must be used to enable the operator to judge when 
the field is in focus other than by judging the details of the structure itself. 
Several methods were tried such as depositing fluorescent materials 
on the surface of the specimen, or lightly scratching the surface with a 
delicate instrument but the results were not satisfactory. The depth of 
penetration of the objectives seemed insufficient to insure exact focusing 
by the scratch method and the fluorescent materials tried appeared very 
coarse. By chance it was observed that carbon completely absorbed 
ultra-violet light and so it seemed likely that if fiinely divided carbon 
could be applied to the surface of the specimen then sufficient contrast 
would result between the carbon and the specimen to enable one to focus 
the border line exactly. The problem was to get the carbon applied as a 
thin layer in the form of a line and to have it adhere when the immersion 
objectives are used. This was finally solved in a very simple way. 
An ordinary piece of typewriter carbon paper is laid face down over the 
surface of the specimen and a line drawn with a single stroke of a sharp 
medium-hard drawing pencil. The line of carbon on the specimen can be 
quickly located; insures exact focusing and the carbon sticks regardless 
of the immersion fluid. This method has been used in connection with 
the pictures reproduced. 
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It will be observed that the illuminating train is in two units: that is, 
the vertical illuminator is not mounted on the same unit with the spark 
stand. This means that the beam of light emerging from the diaphragm 
on the small optical bench must be made to coincide exactly with the 
optical axis of the vertical illuminator. To accomplish this both units 
should be level and the barrel of the microscope then raised or lowered 
until the image of the spark registers in the center of a uranium glass 
screen, placed over the end of the vertical illuminator. The uranium 
glass screen, which fluoresces under ultra-violet light, is fitted in a cap 
that slips over the end of the vertical illuminator. The image of the 
spark is focused by means of the collimating lens on the optical bench. 

The light from the spark as it passes through the prisms and the prism 
diaphragm is spread out in the form of a line spectrum and the line 
desired is brought to bear on the uranium glass screen placed over the end 
of the vertical illuminator for the purpose, by shifting the line-up of the 
optical bench. This bench is in T-form and is supported by three leveling 
screws, one of which functions with a bevel drilling in a plate and thus is 
restrained from moving laterally. The points of the other leveling 
screws bear on plates so that the optical bench may be shifted through 
an arc of 10 or 15® about the fixed screw which is the one next to the 
prism diaphragm. 

With the optical system properly adjusted the image of the prism 
diaphragm cuts in on the field and is quite sharply in focus. It must be 
brought into axial alignment by means of the centering screws controlling 
the adjustable lens of the illuminator. The diaphragm of the illuminator 
does not cut in on the field and its function is similar to that of the dia- 
phragm on the conventional Beck illuminator of which the ultra-violet 
illuminator is a modification. 

For purposes of centering and aligning the equipment an achromat 
objective of low power is used in conjunction with a low-power Huyghenian 
eyepiece. These operations are carried out by means of the mercury 
vapor light, but as a final check the writer uses the ultra-violet light and 
the searcher eyepiece. 

The objectives are provided with sliding objective changers so that 
once they have been centered with their respective sliders no further 
attention is required. 

Magnesium vs. Cadmium Spark 

The writer understands that the ultra- viplet equipment was originally 
designed for use with magnesium line 280jUAt but that on trial distinct 
images were not obtained. It developed that the magnesium line on 
careful analysis consisted of two lines very close together and it was 
thought a double image resulted for this reason. This led to the selection 
of the cadmium line, 275/4/x, but unfortunately the intensity of this 
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line is far less than the magnesium line. Because of the brightness of the 
magnesium line one is sorely tempted to use it. So far as the writer is 
concerned he seems to have obtained crisp brilliant images with either 
the magnesium line or the cadmium line, nevertheless he withholds final 
judgment. One thing can be said for the cadmium spark — what it lacks 
in intensity of illumination it makes up for in noise and it quite outdoes 
the magnesium spark in this respect. 

Possible Optical Combinations 

The optical combinations possible with the equipment and the magni- 
fications obtainable are given in Table 3. This table is also from data 



Fig. 5 . — A typical ultra-violet photomicrograph ^‘flat” and “muddy. 
The illumination is critical but the image is just out of focus. Crisp bril- 
liant IMAGES ARE NOT ATTAINED UNLESS THE FOCUS IS EXACT. ThE SPECIMEN WAS 
A 0.50 PER CENT. CARBON COMMERCIAL STEEL HARDENED. ThE BLACK AREAS INDICAT- 
ING ABSORPTION OF LIGHT ARE TROOSTITE. TaKEN WITH 2.5-MM. OBJECTIVE AND 
14 X OCULAR WIIH CADMIUM SPARK, ThE MAGNIFICATION IS 1600 X- 

compiled by the Zeiss Scientific Staff. The equipment is so designed 
that when the image is sharply in focus in the searcher it will also be 
sharply in focus on the plate when the camera is set so that the plate will 
be about 30 cm. above the eyepiece. Apparently a few centimeters one 
way or the other in the position of the plate matters little and so the table 
is laid out, with two exceptions, to give magnifications in multiples of 
100 X. The time required for exposure will be doubled roughly, as the 
change from one to the next higher eyepiece is made. 

The computation of the optical parts is so well balanced that the image 
appears to depreciate little if at all even when the highest power of eye- 
piece is used. 
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Plates 

The matter of suitable plates for ultra-violet work required much 
careful study. The difficulty seems to be to get a fine grained plate that 
is sensitive to ultra-violet light. The writer has used Wellington Anti 
screen; Eastman 40; Eastman 33; Hammer Ultra Rapid Blue Label and 
Hammer Special Red Label with about equal success. The characteris- 
tics of these plates are not all that could be desired and in some the grain 
is quite coarse. 


Results 

At this time it is not the object to show the application of the ultra- 
violet microscope to the study of structures apparently irresolvable by 



Fia. 6. — Illustrating lack of critical illumination. The center of illu- 
mination IS NOT concentric WITH THE OPTICAL AXIS. ThE SPECIMEN APPEARS TO 
BE OUT OF LEVEL BUT ACTUALLY THE LIGHT IS AT FAULT. ThE SPECIMEN WAS A HIGH- 
CARBON STEEL, HARDENED. NoTE ABSORPTION OF LIGHT BY THE TROOSTITE, WHICH 
IS REPRESENTED BY THE BLACK AREAS. TaKEN WITH 2.5-MM. OBJECTIVE AND 14 X 
OCULAR WITH CADMIUM SPARK. ThE MAGNIFICATION IS 1600 X. 

other methods, but to describe the equipment and to illustrate the results 
obtained when photographing well known structures. In this way the 
quality of the image may be judged and compared with results obtained 
with the apochromatic system. 
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Photographs taken with this equipment are shown in Figs. 5 to 15. 
The results obtained with ultra-violet light have usually tended toward 
*^flat/^ muddy” negatives showing little contrast and no brilliancy. 
The writer experienced this same sort of difficulty, but found that the 
trouble was due to one of two conditions or to a combination of the two : 
Either the image was not in exact focus or the illumination was not critical. 

When the illumination is critical and the image is in exact focus the 
result surpasses by far the best results obtainable with the apochromatic 
system. For instance, a 16-mm. apochromatic objective has a numerical 
aperture of 0.30. This objective has little potential resolving ability. 
The 6-mm. dry series monochromat has a numerical aperture of only 0.35 



Fig. 7. — A special high carbon-steel. Note that some of the martensitic 

NEEDLES ARE LIGHT AND OTHERS DARK INDICATING GREATER REFLECTION OF THE LIGHT 
BY THE FORMER. AlSO NOTE DARK SHADED ZONE BORDERING THE AUSTENITIC GRAINS. 

This also is interpreted to mean selective absorption of ultra-violet light. 
Taken with 6-mm. objective and 5 X ocular with magnesium spark. Magnifi- 
cation 375 X. 

but because of the effectiveness of the short wave length of light with 
which it is used, the potential resolving ability of the objective becomes 
equivalent, theoretically, to that of an apochromat of 0.70 N. A. Observa- 
tions indicate that this is a very conservative estimate as the objective 
seems to have very nearly the same potential resolving ability as the 
objectives of 1.40 N.A. of the apochromatic system. The writer has 
observed that the monochromats produce a sharpness of detail which 
seems unattainable with the apochromatic system. This perhaps is one 
of the outstanding achievements of which the equipment is capable — the 
terms resolution and sharpness being somewhat synonymous. With- 
out sharpness in the image resolution cannot be obtained and con- 
versely if greater sharpness can be obtained then the resolution will be 
improved. 
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Fig. 8. — Same field as Fig. 7. Taken with 6-mm. objective and the 10 X ocular 
• The magnification is now 750 X. 



Fig. 9. — Same field as Figs. 7 and 8. Taken with the 6-mm. objective and 14 X 
ocular. The magnification is 1050 X . It will be observed that in Figs. 8 and 9 
the quality of the image has not been impaired by high eybpiecing. After 
these pictures were taken, it became evident that improvements had to be 

MADE IN THE TECHNIQUE OF POLISHING SPECIMENS FOB ULTRA-VIOLET WORK. NOTB 
INNUMERABLE FINE SCRATCHES RESOLVED BY THE OBJECTIVE. 
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Fig. 10. — Relief can be obtained in ultra-violet metallography by restrict- 
ing THE illuminating BEAM. TaKEN WITH THE 6-MM. OBJECTIVE AND THE 10 X 
OCULAR. The magnification is 750 X and the same specimen was used as for 
Figs. 7, 8 and 9. 



Fig. 11. — Normalized hyper-eutectoid steel taken with the 6-mm. objective 
and the 14 X OCULAR WITH THE MAGNESIUM SPARK. ThE BLACK AREAS ARE CARBON 
deposited from THE CARBON PAPER. In THIS CASE THE FIELD WAS NOT MOVED AFTER 
FOCUSING SO THE CARBON AREAS APPEAR IN THE FIELD OF VISION. ThE MAGNIFICATION 

IS 700 X. 
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Fig. 12. — Same specimen as Fig. 11 except that the field was moved after 
FOCUSING TO eliminate THE CARBON. TaKEN WITH THE 6-MM. OBJECTIVE AND 20 X 
OCULAR WITH MAGNESIUM SPARK. ThE MAGNIFICATION IS 1000 X. NOTE THAT HIGH 
EYEPIECINQ HAS NOT AFFECTED THE QUALITY OF THE IMAGE. A SCRATCH IS RESOLVED 
AS A SERIES OF DOTS. ThE RESULT OBTAINED COMPARES FAVORABLY WITH THE DEGREE 
OF RESOLUTION OBTAINED WITH THE 1.40 N. A. APOCHROMAT USING THE SAME SPECIMEN. 



Fig. 13. — Same specimen as in Fig. 12, but photographed with an apochromat 
OP 1.40 N.A, using) BLUB light of the visible Sl>ECTRUM. COMPARE WITH FiG. 14 
TAKEN WITH THE ULTRA-VIOLET EQUIPMENT. 
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Fig. 14. — Same specimen as Fig. 12 but taken with the 2.5-mm. objective and 
14 X OCULAR USING THE CADMIUM SPARK. ThE MAGNIFICATION IS 1600 X AND THE 
DEGREE OF RESOLUTION SURPASSES ANYTHING THE WRITER HAS ACHIEVED BY ANY 
OTHER MEANS. 



Fig. 1 5 . — Sorbite in eutectoid steel at a magnification of 700 X . N ote that 
ABSORPTION OF ULTRA-VIOLET LIGHT IS GREATEST WHERE THE STATE OF STRATIFICATION 
IS LEAST COMPLETE. 
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Identification of Structures 

Ultra-violet light has selective properties which should help to identify 
structures. It appears that certain constituents of hardened steel, for 
example, absorb ultra-violet light more readily than do other constituents. 
It is quite likely that this same characteristic will be found in connection 
with other metals. It is known that many colorless organic objects 
show the effects of selective absorption of ultra-violet light, and although 
they show no signs of color by white light they respond to ultra-violet 
light as though colored. 

The writer has made many observations of iron and steel structures 
and can report tentatively as follows with regard to the selective char- 
acteristics of ultra-violet light. The specimens were polished and etched 
in the usual way. 

Austenite Reflects ultra-violet light. 

Martensite, untempered Probably absorbs ultra-violet light to some extent 

but much light appears to be reflected from individual 
needles. The needles photograph light. The mid- 
ribs photograph dark like troostite. 

Martensite, slightly tempered Probably absorbs ultra-violet light readily — the 

needles photograph dark. 

Absorbs ultra-violet light to a large extent. Troo- 
stite photographs almost black due to this selective 
absorption. No other constituent of hardened steel 
seems to absorb ultra-violet light as readily as 
troostite. 

Shows less absorption than troostite but more than 
pearlite. 

Reflects ultra-violet light. 

Appear to reflect completely ultra-violet light. 
Appears to reflect completely ultra-violet light. 

General Conclusions 

The ultra-violet microscope can be said to have lived up to expecta- 
tions. Crisp brilliant images can be obtained which surpass in quality 
those obtainable with the apochromatic system. The potential resolving 
ability of the monochromats can be realized in practice and the practical 
application of the ultra-violet microscope should develop much new 
information. The ultra-violet microscope is the most complicated of 
any within the realm of technical or scientific microscopy. It requires a 
highly developed technique for its successful manipulation and the speci- 
mens must be prepared with great care. The ultra-violet equipment 
appears to have a potential resolving ability probably greater than twice 
that of the apochromatic system. 


Troostite 


Sorbite 

Pearlite 
Free carbides 
Free ferrite 
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DISCUSSION 

H. S. George, Long Island City, N. Y. (written discussion). — The 
recent interesting paper by F. F. Lucas, ‘'An Introduction to Ultra- 
violet Metallography,” represents pioneering work for which all should 
be grateful. 

The fact that a bas-relief is imparted to the appearance under certain 
conditions, as depicted in Figs. 10 and 14, suggests to the writer that 
the conditions in the optical train at times may be such as to eliminate 
the axial rays as in conical illumination. The effect of the axial rays in 
ordinary illumination is to mask the beneficial effect of the oblique rays, 
and the suggestion is here advanced that possibly this contributes in 
the same way, to some degree, to the exceptional results attained with 
ultra-violet illumination. 

F. F. Lucas. — The writer appreciates Mr. George^s discussion on 
illumination as a helpful contribution. 

The writer is inclined to believe that improvements in resolution are 
coming from several sources : 

I. The big gain is made by virtue of the short wave-length light 
used. Of this there can be little question. 

2. The fact that the objectives are monochromatic means that all 
errors of chromatic aberration are wiped out — chromatic aberrations 
do not appear when single wave-length light is used. The monochro- 
mats are corrected for spherical errors and the writer is inclined to believe 
that, as a whole, a very high order of purity in the correction of the objec- 
tives is possible. This would improve definition. 

3. Fluctuations in the path of the spark between electrodes prob- 
ably imparts, to some degree, obliquity to the rays and thus promotes 
improvement in resolution. It is quite conceivable that axial rays may 
be entirely absent if the spark fluctuates widely. 

It also is probable that variations in the intensity of the illumination 
result as the spark fluctuates. 

The difficulty in the present ultra-violet equipment is to obtain real 
critical illumination. Even very slight decentering produces flares and 
inequalities of illumination, which are wholly ruinous to definition such as 
Fig. 14 shows. At present we are working toward greater mechanical 
precision in the adjustment of the optical parts of the illuminating train 
with the object of improving conditions. 
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EFFECT OP ANNEALING ON COLD-WORKED INGOT IRON 


The Effect of Annealing upon the Hardness of Cold-worked 

Ingot Iron 


By Charles Y. Clayton, Rollo, Mo.* 

(New York Meeting, February, 1926) 

A study of the literature shows that the greater part of research work 
on annealing of cold- worked iron has been for the purpose of studying the 
effect on grain-size and properties other than hardness. No reference has 
been found of experimental work of the same nature as that explained in 
this short paper. 

The material used throughout was Vismera iron, an iron containing 
0.03 carbon and made several years ago by the Inland Steel Co. One- 
half inch stock was cut into cylinders % in. long. The cylinders were 
then compressed for 60 sec. in a Reihle testing machine under loads as 
indicated below: 


Series 

Compression, 

Pounds 

Average Length, 
Inches 

1 

10,000 

0.693 

2 

15,000 

.599 

3 

20,000 

.501 

4 

25,000 

.426 

5 

30,000 

.378 

6 

35,000 

.351 

7 

40,000 

.311 


Fig. 1 shows these cylinders after compression. Each series con- 
sisted of 17 specimens lettered O, B, C, D, E, F, G, H, I, J, K, L, M, N, 
P, Q and R. One specimen of each series was reserved for study of the 
properties in the cold-worked condition. The other specimens were 
annealed in a Hump furnace for 3^^ hr. at the following temperatures : 


Tempeka- 

Letters tube,® C. 

B 250 

C 300 

D 350 

E 400 

F 450 

G 500 

H 550 

1 600 


Tempera- 


Letters TUBE ° C. 

J 650 

K 700 

L 760 

M 800 

N...,' 850 

0 900 

P 960 

Q 1000 


* Professor of Metallurgy and Ore Dressing, Missouri School of Mines and Metal- 
lurgy. 
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Fia. 1. — Cylinders op 0.03 C steel after compression at 10,000 to 40,000 

POUNDS. 



Annealing Temperature, Degrees C. 


Fig. 2. — Curves showing Rockwell hardness for the seven series of steels 
tested at different annealing temperatures. 
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After annealing the specimens were polished and etched and the 
grain-size^ of each was measured. A plot of these values does not bring 
out anything of interest. 

As it was felt that a study of the hardness of these specimens might 
bring forth some interesting data, tests were made both with the Brinell 
and the Rockwell testing machines. (Rockwell tests were made at the 
laboratories of Wilson-Maeulen.) In as much as a number of Rockwell 
tests could be made upon each specimen these values have been plotted 
rather than Brinell. 

Rockwell values are given in Table 1 and plotted in Fig. 2. 

Observations 

Cold compressed iron (0.03 carbon), regardless of the amount of cold 
work, hardens upon being annealed at a temperature within the blue- 
heat range 2 between 250® C. and 425® C. 

Samples compressed under loads of 20,000, 30,000, 35,000 and 40,000 
lb. respectively, soften upon being annealed between 500® C. and 600° C. 

Samples compressed under loads of 10,000 and 15,000 lb. did not 
soften upon being annealed. 


Table 1. — Rockwell Hardness of Ferrite after Compressing with Various 
Loads Followed by an Anneal 


Annealing 
Temperature, °C 

1 Compression, Pounds per Sq. In. 

10,000 

15,000 

20,000 

25,000 

30,000 

! 35,000 

1 

40,000 

None 1 

60.7 

69.8 

77.7 

75.9 

82 6 

81.5 

83.1 

250 

70.7 

80.5 

83.2 

88.6 

87.2 

91.2 

89.9 

300 

71.3 

80.6 

85 8 

88.8 

89.1 

87.7 

89.1 

350 

71.5 

77.3 

83.4 

87.2 

87.9 

88.9 

87.9 

400 

65.2 

74 0 

82.8 j 

86.1 

84.8 

85.3 

86.3 

450 

67.1 

74.5 

80.3 

84.4 

85.5 

85.4 

86.4 

500 

66.9 

74.2 

79.7 

73.9 

82.1 

82.9 

86.0 

550 

78.7 i 

79.0 

75.8 1 


72.5 

77.9 

83.6 

600 

73.7 

76.8 

72.7 ’ 

82.7 

77.2 

73.0 

74.9 

650 

75.2 

80.8 

75.2 

77.7 

81.0 

78.8 

78.7 

700 

77.6 

80.6 

79.1 

78.4 

83.3 

78.2 

73.3 

750 

73.5 

76.2 

89.0 

82.9 

71.2 

78.3 

71.9 

800 

75.5 

76.4 

78.4 

78.4 

83.7 

74.0 

70.0 

850 

72.1 

73.2 

81.6 

75.9 

72.6 

70.2 

81.8 

900 

79.2 

79.1 

78.4 

68.5 

75.4 

84.3 

74.8 

950 

80.4 

78.8 

76.5 

75.7 

74.1 

75.5 

79.2 

1000 

81.1 

74.4 

85.1 

83.8 j 

76.1 

86.6 

86.6 


1 This work was done by F. C. Schneeberger, a student at the Missouri School of 
Mines and Metallurgy. 

* Since this article was prepared Dr. Albert Sauveur has called attention to the 
fact that this work confirms some work done by himself and Dr. Lee. (The Influence 
of Strain and Heat on the Hardness of Iron and Steel. Iron and Sted Inst., Advance 
proof.) 
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Influence of Temperature, Time and Rate of Cooling on 
Physical Properties of Carbon Steel. — II* * * § 

By Francis B. Foley, f Chas. Y. ClaytonJ and W. E. Remmers§ 

fNew York Meeting, February, 1926) 


Introduction 

During the summer of 1919, the late Dr. Henry M. Howe, then Chair- 
man of the Division of Engineering of the National Research Council, 
organized a committee to obtain a better insight into the behavior of 
carbon steels under the influence of various treatments by a proper con- 
trol of the time and temperature factors. During part of 1919 and 1920, 
work in connection with this investigation was carried on at Dr. Howe's 
laboratory at Bedford Hills, N. Y. During 1921 there was an enforced 
hiatus in the work, occasioned by the illness which resulted in Dr. Howe^s 
death in 1922. At that time one of the present authors compiled the 
results of the work which had been done and this was published in 1923.^ 
Following the publication of this work, it seemed desirable to carry on 
in the same manner an investigation of steel of C 0.75 per cent., which 
steel had not been as fully treated as had the other steels of C 0.34 and 
0.52 per cent., used in the published work. Furthermore, certain unusual 
results have been obtained in the treatment of C 0.52 per cent, steel by 
quenching and drawing, and repetition of this part of the work seemed 
advisable. This has been done during the past year at the School of 
Mines and Metallurgy of the University of Missouri at Rolla, Mo., by a 
cooperative undertaking of the School and the Bureau of Mines, working 
in conjunction with the Committee on Heat Treatment of Carbon Steels 
of the National Research Council. The present paper is a report of the 
results obtained in this work. 


* Published by permission of the Director of the U. S. Bureau of Mines. 

t Consulting Metallurgist, U. S. Bureau of Mines; Metallurgist, Lucey Manu- 
facturing Corp., Chattanooga, Tenn. 

t Professor of Metallurgy and Ore Dressing, Missouri School of Mines and Metal- 
lurgy, Rolla, Mo. 

§ Research Fellow in Metallurgy, Missouri School of Mines and Metallurgy, 
Rolla, Mo. 

^ Howe, Foley and Winlock : Influence of Time, Temperature and the Rate of 
Cooling on Physical Properties of Carbon Steel. Trans. (1923) 69, 722, 

VOL. LXXIII. — 69. 
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Steel op Carbon 0.75 Per Cent. 

The steel used in this investigation was from the same stock of %- 
in. round bars used and described in the original paper on this subject. 
It had the following composition: 

C 0.75 per cent. P 0.031 per cent. 

Mn 0.52 per cent. S 0.027 per cent. 

Si 0.11 per cent. 

Apparatus Used 

The furnace used was the identical one used in the previous research, 
except for a new heating element and new insulation that had to be 
obtained. This necessitated checking the temperature distribution within 
the heating element. The method of determining uniformity of heat 
distribution was the same as that which was described in the earlier 
report and the results obtained were not materially different. An indi- 
cating potentiometer was used to measure all temperatures. The ther- 
mocouple used was platinum-platinum-rhodium. Base metal couples 
used at first were found to decalibrate too rapidly for satisfactory work 
and were abandoned. 

For the interesting two inches of the test specimen the variation in 
temperature in the furnance did not exceed 7° C. at any of the tempera- 
tures at which tests were run. 

Preliminary Treatment of Specimens 

The J^-in. round bars were cut into 53^^-in. lengths for treatment 
and every piece was given a preliminary normalizing treatment, which 
consisted in heating to 871® C. (1600® F.) and air cooling. 

Method of Procedure 

The arrangement of specimens in the furnace and the general pro- 
cedure (including the heating rate) used in the Howe, Foley and Winlock 
investigation were adhered to as closely as possible in this work. 

In the previous work on this stoel the Acs had been determined as 
741® C. (1366® F.). In the present work the temperature of heating 
(T max.) was 10® C. above this Acs or 751® C. (1382® F.) The time of 
holding at temperature was varied from 20 min. to 1 and 2 hrs. 

The following methods of cooling were used. The designating letters 
follow those used in the work reported by Howe, Foley and Winlock: 

Approximate Cool- 
ing Rate, ® C. 

Cooling Method per Sec. 

A Double retarded furnace cooling 0.01 


C Plain furnace cooling 0.05 

E Retarded air cooling 0.60 

F Plain air cooling 0.90 

G Accelerated air cooling 1.10 
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An additional method of cooling, that of burying the specimens in 
powdered lime, was also used and will be designated “L.” It gave a 
cooling rate of 0.28° C. per second, which is between a retarded air and 
a plain furnace cooling. 

The methods used to obtain the above rates of cooling have been 
described in the previous work and will be only briefly touched upon here. 
The double retarded furnace cooling (A) was obtained by leaving a 
considerable current flowing through the furnace winding while the pieces 
in the furnace were cooling. Plain furnace cooling (C) was done by shut- 
ting off all the current and allowing the pieces to cool undisturbed with 
the furnace. A muffle, which surrounded the specimens during heating, 
was removed along with the specimens which cooled down within it to 
obtain the retarded air-cooling rate (E). Plain air cooling (F) consisted 
in suspending the specimens in air without the hot muffle surrounding 
them. A fan, blowing on the specimens as they were suspended after 
removal from the furnace, produced the accelerated air cooling (G). 
The lime cooling (L) was tried because it is a form of annealing generally 
in use. 

The rates of cooling given in the table represent the approximate 
average rates in the range of temperature between 751° and 585° C. This 
range in every method of cooling included the passage through Ar. The 
rate of cooling when transformation is taking place during cooling 
determines the physical properties obtained, other things being equal. 

All the rates of cooling used were such that automatic recording was 
not needed. The method of recording them was the same as that used 
in the work by Howe, Foley and Winlock. 

Everything in this experimental work, the size of the specimens, the 
temperature of heating (751° C.), the rate of heating, and the composition 
of the steel (C. 0.75 per cent.) was maintained constant with the exception 
of the time of holding at temperature and the rate of cooling. 

Preparation of Specimens 

Two test pieces, one for the determination of Charpy impact values 
and one for the determination of tensile properties, were treated in each 
heat. The manner of machining the test pieces from our specimens is 
described in the previous report of which this is a continuation. One 
tensile test and four impact tests were thus obtained from each heat run. 
The tensile specimens were broken in a small Emery hydraulic testing 
machine of 230,000-pounds capacity at the Bureau of Standards by Tom 
W. Greene, under the supervision of R. S. Johnston. 

The elongation of the bars was measured by a Ewing extensometer. 
The proportional limit was determined from the stress-strain diagram as 
that stress at which the ratio of unit stress to unit deformation ceased to 
be constant. The yield point was taken by the drop^of beam method, 
which is accurate with such a sensitive'^machine as the one used. The 
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tensile strength was determined by observing the maximum load prior to 
rupture. The tensile strength, proportional limit, and yield point values 
per square inch were based on the original cross-sectional areas of the 
specimens. The stress at rupture was obtained by following the falling 
off in load as the specimen necked down. It is computed as the load per 
unit of area of the reduced section of the specimen as determined after 
rupture took place. 

The Charpy impact test specimens were broken at the Watertown 
Arsenal under the supervision of F. C. Langenberg. 

Results Obtained 

Table 1 gives the results obtained which show the same general phe- 
nomena observed in the work done on C 0.34 and 0.52 per cent, steels, 
already reported; they are, in general, a corroboration of that work. 

Although the tendency in this carbon steel is to increase in strength, 
hardness and ductility with increase in cooling rate, the increase, particu- 
larly with respect to notched impact value, is not so great nor so sustained 
as was found to be with the steel of C 0.34 per cent. In Table 1 we have 
borrowed figures from the corresponding treatments reported in the 
investigation by Howe, Foley and Winlock, of which this paper is really a 
continuation. The phenomenon of increase in Charpy impact value with 
increase in cooling rate, up to that which we have designated as ^‘F^’ 
(plain air cooling), agrees with the results obtained with C 0.34 per 
cent, steel. 

An outstanding point which has developed in all these investigations 
is that the lowest values for all of the physical properties obtained were 
those resulting from a very slow rate of cooling from above the critical 
temperature. This applies to hardness, ductility and toughness as 
judged from impact-resistance values. 

Magnifications of 2000 diameters showed that the fastest rate of 
cooling (approximately 1.10° C. per second) produced a distinctly lamellar 
pearlite (Figs. 1 and 2). As the rate of cooling slackens the pearlite 
lamellae are broken up so that with the slowest rate used much of the 
cementite is spheroidal (Figs. 5 and 6). The lamellae in the rapidly cooled 
specimens are not resolved at a magnification of 500 diameters (Figs. 7 
and 8), which magnification is fully sufficient to resolve the cementite 
formation in the slower cooled specimens. The photomicrographs 
accompanying this article (Figs. 1 to 6 at X 2000 and 7 to 12 at X500) 
show the breaking down of pearlite lamellae into the globular form.^® 

It also appears to us from our microexamination of the specimens 
treated that the pearlite lamellse become coarser and tend more towards 
breaking up into globules as the time of holding at the annealing 
temperature increases to 2 hrs. 

^ The notations G, G2, E, E2, etc., in connection with Figures 1 to 12, refer to 
the column ‘‘Coolinz Method'’ in Table 1. 
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Note. — x denotes results taken from the Howe, Foley and Winlock paper. No number behind the letter is a 20-min. holding at temperature; 1 indicates a 
l-hr. holding and 2 a 2-hr. holding at temperature. T max. in all tests 751° C. 



934 CARBON steel: temperature, time and cooling rate 



Fig. 1. — Steel containing 0.75 per cent. C, T max. 751° C., held 20 min., acceler- 
ated AIR COOLING (G). X 2000. 



Fia 2.--STBBL CONTAINING 0.75 PER CENT. C, T MAX. 751° C., HELD 20 MIN., ACCELER- 
ATED AIR COOLING (G2) X 2000. 
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Discussion 

The best combination of physical properties obtained in this work 
resulted from plain air cooling (F) and is associated with a fine condi- 
tion of lamellar pearlite. As the lamellsB break up into globules due to the 
slower rates of cooling, the steel becomes softer and the Charpy values 
are lowered. 

Pearlite probably does not form in specimens cooled at faster rates 
than those we have used in this work. Such rates produce troostitic, 
sorbitic, and martensitic structures which give hardness combined with 



Fig. 3. — Steel containing 0.75 per cent. C, T max. 751° C., held 2 hr., retarded 

AIR cooling (E2). X 2000. 

low notched impact values. These structures are the result of a marked 
lowering of the Ar temperature. This marked lowering of the Ar causes 
the formation of a very great number of nucleii within the undercooled 
austenite, which nucleii grow slowly because of the low temperature. 
The limit of undercooling, which may be followed by transformation, 
produces martensite with crystals of colloidal dimension. 

Just as it takes a certain amount of undercooling of austenite to 
produce the values of nucleii number and linear rate of crystallization 
which result in martensite, troostite and sorbite, so it would seem that a 
certain degree of undercooling is necessary for the formation of lamellar 
pearlite, and that when undercooling is minimum, lamellar pearlite will 
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not form but spheroidal cementite result instead. This would mean that 
the ultimate stable product of cooling through the critical temperature is 
spheroidal cementite plus ferrite and not pearlite. On the other hand, 
possibly, pearlite always forms and then, as in our slowest coolings, 
spheroidizes during the retarded cooling after passing through Ar. 

The former conclusion is suggested by the fact that under a given set 
of slow cooling conditions, the specimen which has been held longest above 
the critical temperature tends to a greater degree of spheroidization. 
The longer holding period causes a greater degree of diffusion of carbon 
in the austenite and as a consequence there are fewer carbon-rich areas to 



Fig. 4. — Steel ^containing 0.75 per cent. C, T max. 751° C., held 20 min., re- 
^TARDED AIR COOLING (E). X 2000. 

retard the transformation. Under very slow cooling conditions the 
transformation starts at a higher temperature because of both factors, 
the lack of high-carbon areas, which would tend to retard transformation, 
and the slowness of cooling, which enables the transformation to take 
place when it is due. It would seem that spheroidization which took 
place below the Ar temperature would not be affected by the length of 
stay above the critical temperature and that, therefore, the degree of 
spheroidization under given conditions of cooling ought to be the same 
regardless of the time of holding above the critical temperature. Very 
possibly a combination of the two factors produces the spheroidal condition 
of cementite. The combination of high temperature, prolonged holding. 
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and very slow cooling would probably produce spheroidal rather than 
lamellar cementite. 

For the best combination of physical properties to be obtained from 
annealing carbon steels, the steel will first be normalized thoroughly, 
reheated to the lowest point practical above the critical temperature, held 
a very short period of time (depending on size of piece being treated), and 
then cooled at the fastest rate which will permit lamellar pearlite to 
form. Probably a piece first put into the sorbitic state by a quench and 
draw presents the most homogeneous condition to start out with, but such 
steel would probably have better physical properties than could be 
obtained by annealing. The prevalent practice of normalizing steel prior 
to final treatment is no doubt beneficial even when the final treatment is 
to be a simple annealing. 



Fia. 5.- -Steel containing 0.75 per cent. C, T max. 751° C., held 20 min., re- 
tarded FURNACE COOLING (A). X 2000. 

Tests of Steel of Carbon 0.52 Per Cent. 

Effect of Quenching Temperature on the Impact Values of Drawn Steel 
In the work already cited of Howe, Foley and Winlock, extraordinary 
impact-test values were obtained with C 0.52 per cent, steel when 
quenching from very high temperatures was followed by drawing- at 
675°eC. (1247° F.). In that work specimens % in- round by in- 
long were first given a normalizing treatment consisting in heating to 
900° C, (1652° F.), and air cooling; then a number of specimens were 
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quenched in water from 780® C. (1436® F.), 845® C. (1553® F.), 910® C. 
(1670® F.), and 975® C. (1787® F.) and subsequently drawn at 300® C. 
(572® F.), 450® C. (842® F.), 525® C. (977® F.), and 675® C. (1247® F.). 

Specimens drawn at 300® C. showed a lowering of impact value as 
the temperature at which they had been quenched increased. The higher 
drawing temperatures gave specimens whose impact value increased as 
the temperature from which they had been quenched increased. For 
example, a specimen drawn at 675® C. following a quench in water from 
780® C. gave an average impact value of but 5.09 ft.-lb., whereas the 
same drawing following a quench in water from 975° C. gave an impact 
value of 23.80 ft.-lb. These results seemed to us extraordinary and 



Fig. 6. — Steel containing 0.75 per cent, carbon, T max. 751° C., held 2 hr., 
RETARDED FURNACE COOLING (A2). X 2000. 

we have, therefore, repeated the work in part and carried the quenching 
temperature higher. 

The quenching temperatures used in our present experiments were 
845® C. (1553® F.), 975® C. (1787® F.), and 1040® C. (1904® F.). The 
time of holding at the quenching temperature was 10 min. and the 
specimens were normalized as in the previous work by air cooling from 
900® C. The heating was carried out in the same furnace and in the same 
manner as described in the original work. Prior to quenching, the water 
was started circulating vigorously and remained in circulation during 
the cooling of the specimens. Two drawing temperatures were used; 
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Fig. 7. — Steel containing 0.75 per cent. C, T max. 751° C., held 20 min., accel- 
erated AIR COOLING (G). X 600. 



Fig. 8. — Steel containing 0.75 per cent. C, T max. 751° C., held 2 hr., acceler- 
ated AIR COOLING (02). X 600. 
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450° C. (842° F.), the holding time being 30 min., and 675° C., the holding 
time being 10 min. as before. To repeat all the drawings used in the 
previous work was not considered necessary. Only such are used as 
seemed necessary to check the general phenomenon evidenced by the 
results which have been published. Our results are given in Table 2. 

All of our impact values are higher than those obtained by similar 
treatments in the work of Howe, Foley and Winlock. The reason for 
this probably lies in the fact that their specimens were quenched in still 
water, whereas our specimens were quenched in well agitated water. For 
the lower drawing temperature, and for the low quenching temperature, 
the spread of impact value is wider than obtained in the work of the 
previous investigators. 


Table 2. — Impact Values of Quenched and Drawn Steels Containing 
0.52 Per Cent, Carbon {Composition 0.52 Per Cent, C, 0.55 Per Cent. Afn, 
0.22 Per Cent, Siy 0.030 Per Cent, P, and 0.029 Per Cent. S) 


Quenched 

1 

j Speci- 


Impact Value (C harpy), Foot-Pounds 


in W &t<er 
from ® C. 

1 men 

i No. 

i 

1 ! 

Minimum i 

Maximum Average 

[ Grand 
; Average 


Quenched as shown and drawn at 450° C. (842° F.), 30 minutes; air cooled 


845 

1 

3.95 

5 16 

9 66 

12 38 

7 79 



2 

4.14 

7 96 

9 90 1 

12 86 

8 72 

8 25 

975 

1 

10.36 

11 19 

11 78 

11 90 

11 31 



2 

10.60 

10 72 

10.83 

12 02 

11.04 

11 18 

1040 

1 

10.36 

10.48 

10.83 

11.19 

10.72 



2 

9.55 

11.19 

11.19 

11.19 

10.78 

1 10.75 

Quenched as shown and drawn at 675° C 

!. (1247° F.), 10 minutes: air c 

oolod 

845 1 

1 

10.02 

12.98 

16.11 

18.07 

14.30 



2 

9.55 

10.13 

13.22 

15.47 

12.09 

13.39 

975 

1 

24.74 

25.32 

26.06 

27 55 

25.92 



2 

25.03 

26.35 

26.50 

26.80 

26.17 

26.04 

1040 

1 

24.88 

25.03 

26.80 

27.25 

25.99 



2 

24.45 

24.45 

1 

24.74 

25.91 

24.89 

25.44 


The wider spread of values for the specimens quenched from 845° C. 
may be accounted for by the fact that steel of this carbon content requires 
a severe quenching in order to produce full hardness, or, what is the same 
thing, approximately complete martensitization. Still water did not 
supply the proper conditions in the previous work and circulating water 
provided an approach to the desired condition for use only on the end of 
the specimens which entered the water first. The effect of this is more 
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pronounced in the specimens which were drawn at the lower temperature, 
because the influence of the conditions under which the specimens were 
hardened is still quite marked. It is less marked when the drawing 
temperature is raised to 675° C. 

More severe quenching is required to produce full hardness by quench- 
ing carbon steels from a low temperature than when the quenching 
temperature is increased. Therefore, we suppose that while the condi- 
tions which prevailed in our work fell somewhat short of those necessary 
for the production of full hardness by quenching from 845° C., these 
same conditions were more nearly ideal for the quenchings from 975° and 
1040° C. Therefore, we have more uniform results from the specimens 
quenched from the higher temperatures. 

The values we have obtained are a general corroboration of the results 
reported by Howe, Foley and Winlock. 



Fig. 9. — Steel containing 0.75 per cent. C, T max. 751° C., held 20 min., re- 
tarded AIR COOLING (E). X 500. 

Discussion 

The present work shows, as did the previous work in which one of 
the present authors was engaged, that higher values for impact resistance 
are obtained with this steel of C 0.52 per cent, if a drawing at 450° C. to 
675° C. is preceded by quenchings in water from temperatures in the 
neighborhood of 1000° C. than when the preparatory hardening is done 
from temperatures nearer but above the Acs. This procedure is con- 
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trary to the usual admonition that quenching for hardening should 
always be done from temperatures as near but above the Aca as pos- 
sible. Whether this phenomenon is a peculiarity of the particular steel 
we have used or not we are unable to say, but we have no reason to think 
that it is. The steel is carefully prepared acid open-hearth steel of nor- 
mal composition and is representative of good commercial material as 
far as we are able to tell through careful observations made throughout 
its production and subsequent preparation. Only a repetition of the 
work, using other melts of steel of like carbon content, can settle this 
point. 



Fig. 10. — Steel containing 0,75 per cent. C, T max. 751° C., held 2 hr., re- 
tarded AIR COOLING (E2). X 500. 

This steel did show, under the microscope, that some of the pro- 
eutectoid ferrite was banded in a segregated form as shown in Fig. 13. 
We hesitate very much to attribute this behavior under impact stress 
to banded ferrite, although it might well be caused by it. It is a fact 
that commercial carbon steel bar-stock of hypoeutectoid composition 
generally contains banded ferrite and, therefore, these findings may have 
a broad application. 

We suspect that when steel of this kind is to be used in the ‘^as 
quenched condition or after drawing at a temperature as low as 300® C., 
hardening would best be done at the lowest temperature which will 
produce the desired hardness. When the drawing is to be done at higher 
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temperatures probably quenching would best be done, if practical, at 
considerably higher temperatures, as this work shows. The diflSculty, 
of course, would come in the danger of cracking the steel. None cracked 
in the treatment of these %-in. round by 53^^-in. long specimens, but 
pieces of different shape probably would crack. 

There are no transformations known in the solid state above the Acs 
in steels of the composition used here. Certain changes, however, are 
going on with increase in the temperature of the metal. One of these 
changes is in the size of the individual crystals of the austenite; this 
change increases with temperature. The other change which occurs 



Fig. 11. — Steel containing 0,75 per cent. C, T max. 751° C., held 20 min., re- 
tarded FURNACE COOLING (A). X 500. 

is in the degree of homogeniety of distribution of the elements, particu- 
larly carbon, in the austenite; as the temperature rises a greater degree 
of homogeniety is attained. We feel quite safe in believing that an 
increase in the size of the individual crystals of austenite would not lead 
to an improvement in physical properties such as we find. On the other 
hand, we can well believe that the production of a more homogeneous 
austenite, prior to quenching by heating to a sufficiently high tempera- 
ture, could easily account for the improvement. 

According to French and Klopsch^ a cooling rate of 220 ° C. per second 
is required to produce complete martensitization in a carbon steel of 

* French and Klopsch : Quenching Diagrams for Carbon Steels in Relation to 
Some Quenching Media for Heat Treatment. Trans. Am. Soc. Steel Treating, 
Sept., 1924. 
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C 0.45 per cent, cooled from 875° C., the specimens used in their work 
having been 3^^~in. rounds. Water at room temperature, such as was 
used in our work, gives a cooling rate on 3^^-in. rounds, according to 
French and Klopsch, of between 110° and 150° C. per second. This rate 
of cooling was not rapid enough to produce complete martensitization 
in their C 0.75 per cent, steel. In our specimens troostite was present, 
even in the specimens quenched from the highest temperature we used 
(1040° C.). Fig. 14 shows typical acicular martensite associated with 
troostite in this C 0.52 per cent, steel. In the reason for the presence of 
troostite in these rapidly quenched steels, will probably be found the 
reason for the higher impact values we have obtained. French and 



Fig. 12. — Steel containing 0.75 per cent. C, T max. 751° C., held 2 hr., re- 
tarded FURNACE COOLING (A2). X 500. 

Klopsch used the thermocouple at the center of the mass being quenched, 
so that the rates they obtained were the slowest that existed in the mass 
during cooling. The presence of microscopic quantities of troostite can 
hardly be caused by a slower rate of cooling in these localities of micro- 
scopic size. They are most likely the result of an heterogeneous austen- 
ite. Certain spots have a low carbon content, and, therefore, a higher 
rate of cooling than that which exists in the mass is necessary in order to 
produce martensite in such localities. We cannot harden pure iron 
because we are unable to lower the transformation during cooling to the 
extent that we can when carbon is present, and we produce troostite 
amidst martensite in these medium-carbon steels because not enough 
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carbon is in the troostitic areas to aid in lowering the transformation to 
the temperature at which martensite is produced. 

Portevin and Garvin^ showed that a slower rate of cooling can be 
used in producing complete martensitization if the temperature of quench- 
ing is increased. This would indicate that at higher temperatures a 
degree of homogeneity is attained that is not present at lower tempera- 
tures, and it is to the more uniform distribution of carbon, which we have 
thus obtained, that we attribute these higher impact values. In the 
high drawing temperatures which follow the quenching, we are not con- 
cerned with the crystal size of the austenite which preceded the quench- 



Fig. 13.- -Longitudinal section of rolled bar of steel containing 0.52 per 

CENT. C. X 150. 

ing. The influence of that is entirely lost. No doubt its influence is 
found in the martensite which succeeded it and perhaps to some extent, 
in the next generation, troostite, but practically none remains in the high 
temperature sorbite. The segregation of carbon, however, exists in a 
modified form throughout all of the subsequent modifications. In the 
sorbite it is a segregation of carbide of iron, and a segregation of carbide 
means localized impoverishment of carbide, for the gain in carbide by 
one locality is at the expense of another. 

If, in order to produce the best impact values in quenched and drawn 
steels, it is necessary to go to such high temperatures and quench there- 

* Investigations on Influence of the Rate of Cooling on Hardening of Carbon 
Steels. Jid. Iron Steel Inst. (1919), 99 , 551. 

VOL. LXXXII. — 60. 
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from, considerable advantage will be lost in the case of intricately shaped 
pieces because of the great danger of cracking. If our reasons for the 
increase in toughness found is correct, there should be no loss incurred 



by allowing a piece to cool miiformly to a lower temperature (yet above 
the At) and then quenching. Once the desired degree of homogeneity 
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is established at the high temperature, one would not expect the diffused 
carbon to segregate again at a lower temperature while still above Ar, 
unless too close an approach to Ar were made. 

In this latter event, perfect homogeneity of austenite not being 
attained perhaps in any event, the allotropic transformation would com- 
mence in such spots of lower carbon as might chance to exist. However, 
there is room for experimentation here and we propose to try it. Of 
course, as we have stated before, this is only practical where a high 
drawing temperature is used to produce a tough steel. It is no aid either 
in steels which are used in the ^^as hardened^' state, or in those which are 
drawn at low temperatures. Neither is it of use in annealing steels of this 
type for, in very slow coolings, ferrite forms at the borders of the trans- 
formed austenite crystals and, if these are large, a coarse ferrite segregation 
results. In other words, the diffusion attained at the high temperature is 
nullified by the segregation of ferrite at the crystal boundaries during 
cooling, and the coarseness of the austenite crystallization is accentuated 
by its presence there. This condition is a special case but is one which, it 
seems to us, has broad application in industry. 
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Effect of Air Gap in Explosion System on Production of 
Neumann Bands* 

Francis B. Foley f and J. E. Crawshaw,| Signal Mountain, TeKn. 

(New York Meeting, February, 1926) 

In the first report^ disks of steel of known composition and history 
were exposed, under carefully prescribed conditions, to impacts of 
explosion products resulting from the explosion of 50-gm. charges of 
explosives having well-determined rates of detonation, or to impacts of a 
weight of known mass, falling through measured distances. There were 
available at the Bureau of Mines Experiment Station five explosives, 
having rates of detonation of 5716, 4470, 3190, 2296, and 1523 meters per 
second. It being desired to continue this exposure downward, and no 
explosives with a lesser rate of detonation being at hand, resort was had 
to the impact of a falling weight, the differences in the velocity of impact 
being attained by varying the height from which the weight was allowed 
to fall. It was expected by this means to demonstrate experimentally 
that the development of Neumann bands was determined by the sudden- 
ness of the deformation of the metal in which they were produced. But 
while progressive deformations were obtained with the explosive 
charges, the falling-weight method failed because the tup was 
progressively deformed, also the disks were so flattened as to be unfit for 
metallographic examination. 

A return, therefore, has been made to the use of explosives as the 
source of energy, an air-gap being interposed between the charge of 
explosive and the disk, as the effect diminishes as the function of the dis- 
tance between the charge and the object on which the products of its 
explosion, or the shock wave from its detonation, impinge. The details 
of the arrangement of the tests by the air-gap method were the same as 
those described by Foley and Ho well, ^ except that after the system had 
been set up and the desired apparent specific gravity for the explosive 
attained by tamping it, the small lead block, with the steel disk adhering 


* Published by permission of the Director of the Bureau of Mines, 
t Metallurgist, Bureau of Mines, 
t Explosives Engineer, Bureau of Mines. 

1 F. B. Foley and S. P. Howell: Neumann Bands as Evidence of Action of Explo- 
sives on Metal. Trans, (1923) 68, 891. 

2 Op, cit,, 899. 



FRANCIS B. FOLEY AND J. E. CRAWSHAW 


949 


to it (because of the vaseline coating regularly used in the Bureau of 
Mines small lead block test), was slipped down; or, the explosive charge, 
with its contained detonator, which adhered firmly to the walls of the 
paper tube, was, with the tube, slipped up until the desired measured 
gap was secured. 

This report deals with eight specimens, or disks, numbered 1 to 8 air 
gap, of the same shape and material as was used in the previous work. 
The explosive used was 60-per cent, straight nitro-glycerine dynamite, in 
50-gm. charges, tamped to an apparent specific gravity of 1.21, and fired 
by No. 7 electric detonators. Specimen 1 represents the original 
material, not subjected to the impact of explosion. The explosive was 
detonated while in contact with the surface of specimen 2, and at the 
distances above the surface of specimens 3 to 8 here shown. 



Air Space, 

Depression of 
Lead Block, 

Specimen Ncmber 

Millimeters 

Millimeters 

1 air gap ... 



2 air gap 

. ... 0 

20.75 

3 air gap ... 

.4 

17 00 

4 air gap 

8 

12 00 

5 air gap . . . 

16 

11.25 

6 air gap 

32 

6 00 

7 air gap 

64 

3.25 

8 air gap 

128 

2 00 


The last column records the extent of the depression of the lead 
block on which the specimen was supported. 

Following the practice in the first investigation, all the specimens were 
photographed, at 200 diameters, at three points along the axis of the 
disks, designated as positions 1, 2 and 3. Position 1 is 1 mm. from the 
front face, or that face of the specimen that was toward the explosive ; 
position 2 is at the center of the specimen; and position 3 is 1 mm. from 
the back face, or that face of the specimen that was down, or away 
from, the explosive. 

Specimen 2, which had no air space between it and the explosive, 
shows numerous Neumann bands. With an air space of 4 mm. the 
number of bands was considerably less, as shown in specimen 3. With an 
increase in the air space up to and including 16 mm., there is little change 
in the appearance under the microscope as shown by the photomicro- 
graphs of specimens 3, 4 and 5. There are fewer bands, particularly 
in position 2, with an air gap of 32 mm., and the number seems to 
decrease gradually until with an air gap of 128 mm. (specimen 8), no 
bands appear at the center of the specimen, and but a few exist in posi- 
tions 1 and 3. The lowest impact velocity used in this work is then 
sufficient to produce some Neumann bands. 



ft SPACE BETWEEN BPECIBiEN AND EXPLOSIVE. 

200 . 





Fig. 4. — Position 3 op specimen 2: no air space between specimen and explosive. 

X 200. 
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Fio. 6. — Position 2 of specimen 3; 4-mm. aie space between specimen and explo- 

siVE. X 200. 
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Fia. 8 . — Position 1 of specimen 4; 8-mm. air space between specimen and explo- 
sive. X 200, 
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Fig. 10. — Position 3 of specimen 4; 8-mm. air space between specimen and 

EXPLOSIVE. X 200. 
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Effect of Neumann Bands on Solubility of Iron in 
Hydrochloric Acid 

So far it has not been found possible to detect Neumann bands in 
steel that has been subjected to very sudden deformation, unless the 
steel contains an excess of free ferrite. Thus the examination of steel for 
Neumann bands by means of the microscope is confined to steel of very 
low carbon content in the annealed state, and it does not permit us to 
determine quantitatively the extent of twinning. It is known that 
Neumann bands are a characteristic of ferrite and that such constituents 
of steel as troostite, sorbite and pearlite contain ferrite. The question, 
therefore, arises: Are Neumann bands produced in sudden impact in 
these other constituents of steel, as well as in the pro-eutectoid ferrite and 
are we unable to detect them only because the ferrite crystals are so small 
that they are not visible as such under the microscope? May it not be 
possible to correlate the Neumann bands that we are able to see in the 
ferrite of low-carbon steels with some measurable property and then to 
use that property as a gage to measure the imperceptible Neumann bands 
that may be present in high-carbon and alloy steels? To say that twin- 
ning does not exist in pearlite, for example, is to say that twinning cannot 
be produced in ferrite when the crystal size reaches a certain minimum. 
If shock does not produce Neumann bands in very fine ferrite, such as 
that in pearlite, does it have any other effect? 

In the first report of the Committee^ attention was called to the fact 
that Osmond and Wuth, Heyn and Bower, and Goerens have noted that 
the rapidity of solution of iron increases steadily with the degree of mechan- 
ical treatment to which the iron has been subjected, and that these obser- 
vations suggest a possible means by which the development of Neumann 
bands in a specimen might be quantitatively followed. In other words, 
if the solubility of iron in a given solvent increases with the mechanical 
work previously done upon it, the degree of twinning in the different test 
pieces cut from the same piece of steel shafting, but each subject to a 
different degree of exposure to deformation, might be ascertained by the 
measurement of the relative rates of solution of the differently exposed 
specimens in the given solvent. 

Specimens 1, 3, 5 and 7 air gap, of those described in the first part of 
this paper, were used to make a preliminary test of this solubility theory. 
The procedure planned was as follows: A small portion, of approximately 
square cross-section, was to be machined from a radial position in each of 
specimens 1, 3, 5 and 7 air gap. The cross-sectional area of each piece 
thus obtained was to be measured as precisely as possible with a microm- 
eter. Each piece was then to be covered with an acid-resisting coating, 
except upon the measured surface. The piece was then to be weighed 


>. cU., 913 . 
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and the measured cross-sectional area exposed to the solvent. After the 
determined length of exposure, the specimen was to be removed, washed, 
dried, and weighed and the solution titrated for iron. The loss 
from solution was then to be calculated as loss per square millimeter 
of exposed surface. 

A protective coating of paraffin was used in the first experiments and 
the pieces were immersed in a solution of equal parts of nitric acid and 
water but this was unsuccessful because the acid ate in between the 
parafiin and the sides of the piece until portions of the paraffin were 
lifted off bodily so that the area attacked was unknown. The pieces 
were, therefore, electroplated with copper. The method used was that 
recommended by Rawdon^ for preparing thin sections for micro-examina- 
tion. First, a thin layer of copper was applied in a neutral solution of 
cuprous cyanide and then a fairly heavy deposit in a solution of copper 
sulfate and sulfuric acid. The cross-sectional area of the pieces having 
been determined, they were copper-plated all over; then the copper was 
removed from the end that was to be exposed to the acid. The piece was 
weighed and then suspended for 3^^ hr. in a solution of equal parts of 
hydrochloric acid and water, this solvent being used because, while it 
attacks iron, it does not attack pure copper. After removal and drying, 
the piece was again weighed and the solution titrated for iron with 
KMnOi. Each piece was suspended in a separate beaker containing in 
every case 25 cc. of the acid solution. The ends were again ground off 
and the experiment repeated, changing the time of immersion in the 
acid to 1 hr.; after another regrinding the specimens were immersed 
for 2 hr. The results were as follows: 


Specimen 

Loss in 

H Hr 

Loss 111 1 Hr 

Loss in 2 Hr 

No. 

Weight ! 

Titration ' 

Weight 

Titration 

Weight 

Titration 

3 air gap 

0.0000806 

0 0000773 1 

1 0 000225 

I 0 000262 

0 000407 

0.000350 

5 air gap 

0.0000745 

Not deter- 

i 0.000314 

i 0.000388 

1 0.001173 

! 0 000249 



mined 





7 air gap .... 

0.0000542 

0.0000913 

0 000119 

0.000181 

0 000127 

0.000103 

1 air gap 

0.0000419 

0 000106 

0.000092 

0 000177 

0.000123 

0 000177 


These results have been plotted, the result being shown in Fig. 23. 
No attempt is made to draw any conclusions from this preliminary 
work regarding the solubility of these pieces in 50:50 hydrochloric 
acid and water, other than to say that the results indicate that an 
accurate determination of the losses in dilute acid will probably show a 
relationship to exist between the solubility of the metal and the degree of 
deformation, or twinning that the specimens have undergone under the 
action of the explosive. 

S. Bawdon: Preparation of Small Pieces for Microscopic Examination 
Chem. & Met. Eng. (1921) 24 , 476. 
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Fig. 14.— Position 1 of specimen 6; 32-mm. aib space between specimen and 

EXPLOSIVE. X 200. 







Fia. 16 . — Position 3 of bfiicimbn 6; 32-mh. aib spacb abtwbbn specimen and 

axPLOSiva. X 200. 
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Fig. 18. — Position 2 of specimen 7; 64-mm. air space between specimen and 

EXPLOSIVE. X 200. 
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Fig 19. — Position 3 of specimen 7; 64-mm. air space between specimen and 

EXPLOSIVE. X 200. 



Pjq 20 Position 1 of specimen 8; 128-mm. air space between specimen and 

EXPLOSIVE. X 200. 


voXi. Lxxni. — 61. 
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Fio. 22. — Position 3 op specimen 8; 128-mm. air space between specimen anp 

EXPLOSIVE. X 200. 
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A sensitive test of the solution after removal of the pieces showed no 
trace of copper. This is a point in favor of the use of copper as a coating 
and hydrochloric acid as a solvent. The disadvantage of using a copper 
coating is that it readily oxidizes on the surface when exposed to the air 
and probably there is some gain in weight from this source. Neverthe- 
less, the results obtained by weighing agree better within themselves than 
do the losses obtained by titration. Evidently a better method of analyz- 
ing for such small amounts of iron will have to be adopted. 

There was a negligible loss in weight after 3^^ hr. in the acid. A 
general agreement exists between the weight loss and titration loss found 
after 1 hr. in the solution, Fig. 23. In both the and 1-hr. tests the loss 
by titration is greater than that found by weighing. When it is consid- 



Fig. 23. — Solubility in hydrochloric acid. 

ered that the weight loss takes in the loss from the solution of other 
elements than iron and that the titration loss represents only the iron 
dissolved, the loss determined by weighing should be greater rather than 
less, than the loss determined by titration. Only in the 2-hr. test does the 
titration loss appear less than that obtained by weighing, but here the 
titration loss is less in 2 hr. than that found after a 1-hr. test. This throws 
the analytical method under suspicion. In general, we do not feel that 
much weight can be given the quantitative values obtained and we do not 
feel justified in making a comparison on that basis. Specimens 2, 4, 6, 
and 8 air gap have been held back for solubility tests after our methods of 
determining solubility have been improved. Improvement should be 
made in the method of analyzing our solution for iron after removal of the 
pieces. The results obtained wRrrs^ut us in going forward with the 
determination of solubility, 
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DISCUSSION 

B. Stoughton, Bethlehem, Pa. — Mr. Foley, did you use a standard 
in connection with this solubility? For example, we know that acid 
steel dissolves more slowly in dilute acids than basic steel. You would 
have to have some base line to start from in determining the Neumann 
bands in relation to the solubility. 

F. B. Foley. — Our standard for determination of the effect of 
Neumann bands on solubility has been a specimen free of Neumann 
bands before subjecting it to impact. We used no other standard. 

S. L. Hoyt, Schenectady, N. Y. — By their recent studies of the pro- 
duction of Neumann bands and by the use of a new type of ocular, Dr. 
Rosenhein and Dr. McMeehan were able to obtain results in a micro- 
scopic study such as this which hitherto had not been produced, and 
their evidence showed fairly conclusively, and certainly to Dr. Rosen- 
hein’s own personal satisfaction, that Neumann bands were not twins. 
On the other hand, the band, when studied with this new means, was 
shown to consist of a series of more or less roughly parallel lines, not at all 
a homogeneous band; secondly, slip lines subsequently produced on a 
sample which had already been subjected to impact and polished to show 
Neumann bands, showed that the slip band did not cross the Neumann 
bands with the same structure which you would get, for example, in a 
piece of twinned copper. In other words, the slip bands in crossing the 
Neumann band ran at random orientation with respect to the band 
proper. If the Neumann band were a twin we would have reason to 
expect perfect parallelism of these slip bands. 

Mr. Foley, did you consider the nature of Neumann bands in the light 
of Dr. Rosenhein’s recent contribution, and did you find yourself in 
agreement therewith? 

F. B. Foley. — My recollection is that Rosenhein said that with the 
velocities used he did not think the Neumann bands were twins, but he 
did not know about any higher velocity such as we had used in our work 
here. The best evidence of twinning I have obtained is in one partic- 
ularly good photomicrograph at 930 diameters in an earlier paper. ^ 
There it is shown that Neumann bands are not only depressions but also 
elevations. In other words, in one crystal a Neumann band appears as a 
mountain or ridge and in another as a trough or trench. 

I imagine that the reason why a Neumann band will appear in this 
particular crystal as a trench and in another as a prominence or ridge is 
due to the difference in the solubility of the faces presented to the acid 
during the acid attack. That is, if an 001 cube face is presented to the 


^ Trans, 48 , 912, Fig. 39. 
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acid that face is attacked much less rapidly than an octahedral, 111 plane 
face would be. 

These considerations satisfy my own personal conception of twinning 
in a solid crystal. I am not referring to interpenetrating twins which 
form from the liquid, in which case one crystal appears to pass through 
another. These are two conditions which are quite different — I imagine 
the twin in solid crystal formed by impact has to be considered as some- 
thing different from the congenital twin produced from a liquid solution. 

C. P. Yap,* New York, N. Y. — For some time I have been most 
interested in Neumann bands. About a year ago I had an interesting 
experiment with a piece of Armco iron. I thought that if Neumann 
bands are twinning planes, twinning may reasonably be expected to take 
place under compression. On the other hand, if they are slip bands or 
mechanical cleavages, they may be expected to be present as a result of 
tensional stress. The piece was carefully polished and examined to see 

, Where extensional sircbs 
/ IS at a maximum 



' Where compressioual stress 
ts at a maximum 

Fig. 24. — Specimen of Aumco ikon prepared for examination for Neumann bands. 


if any Neumann bands were present, but very few were visible. Then 
with a vise and hammer, I bent it by quick blows to about an angle of 
90°. I had the specimen prepared for microscopic examination, at A and 
B (Fig. 24) where the compressional and ^extensional stress are greatest. 
There were numerous Neumann bands at B and hardly any at A. More- 
over, these bands have appreciable width. 

F. B. Foley. — I cannot see why twins could not be produced in 
tension as well as in compression. Do you know that it is not possible 
to produce them by tension? 

C. P. Yap. — My knowledge of this subject is rather limited, but I 
would expect twinning to result from compressional stresses, as illus- 
trated by the formation of twinned martensitic needles. Three years 
ago in a lecture at the Rice Institute of Houston, Texas, Prof. Miers 
stated that twinning is not extensive in rapid crystallization, whereas it is 
extensively found in case of slow crystallization when the stresses are 
more or less uniformly distributed throughout the mass of the cooling 
body. But then the mechanism of twinning in iron may be entirely under 
different conditions. 


* Resarch Assistant to Dr. Ancel St. John. 
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J. S. Vanick, Bayonne, N. J. — There is a distinguishing characteristic 
in Neumann bands in alpha iron, that I think Mr. Foley has not enlarged 
on, and that is the ragged band they form, but which you do not find in 
the same bands in gamma or in the brasses. These micrographs show 
this feature and I have come across it many times in examining similar 
structures. The explanation, as near as I can see, lies in the ultimate 
crystal structure of the two; that is, the body-centered form of the 
alpha and the face-centered lattice pattern for the gamma and brasses 
give two different sets of gliding planes for the deformation to act upon. 
In the gamma grains or in the face-centered lattices the bands are 
parallel, straight-sided and usually stop within the grain and are more 
of the nature of block movements. In the alpha grains they are fre- 
quently irregular, cross-grain boundaries and run the entire length of the 
specimen. That is especially well shown in the meteorites. 

F. B. Foley. — This type of Neumann band was well illustrated in one 
of Dr. Krivobok’s slides.® It occurred to me that the twinning planes 
were approaching the surface at an angle, where they gave a nodal 
effect with saw edges, similar to that produced when the lamellae in 
pearlite approached the surface of the specimen at an angle as shown in 
photographs taken by Belaiew and which he used for measuring the 
width of the pearlite lamellae. I am curious to know if the nodal effect 
is not caused by the angle which the twin makes with the surface of the 
specimen. I notice on one side of the bands the line is perfectly straight 
and on the other side it is jagged. 

J. S. Vanick. — That was the pattern I had always associated with 
Neumann bands. The other straight-line patterns, also interpreted as 
slip bands or twinning bands, depend on whether the structure has been 
heated or cooled. 

G. St. j. Perrott,* Pittsburgh, Pa. (written discussion). — In experi- 
ments recently carried out at the Explosives Testing Station of the 
Bureau of Mines, Bruceton, Pa., it has been shown that the velocity of 
the shock wave across a 6-in., air gap between two cartridges of 40 per 
cent, straight nitroglycerin d 3 aiamite wrapped in a paper tube is only 400 
m. per sec. less than the rate of detonation of the explosive. It is, there- 
fore, evident that decrease in the magnitude of the blow rather than in 
its velocity was responsible for the decrease in the number of Neumann 
bands in the author^s experiments as the air gap between explosive and 
specimen was increased. 

F. B. Foley (written reply to discussion). — The 40 per cent, straight 
nitroglycerin dynamite which Dr. Perrott used would have a rate of 

®A. I. M. E. Pamphlet No. 1657-E., issued with Mining and Metallury, Feb., 
1926. 

* Assistant chief explosives chemist. Bureau of Mines Experiment Station. 
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detonation in a 13^^-in. diameter cartridge of 4470 m. per sec. A loss of 
but 400 m. per sec. in velocity in 6 in. would still leave a high rate of 
velocity at the greatest distance (128 mm.) intervening between the 
explosive and any of the specimens used in our experiment. Velocities 
as low as 1523 m. per sec. were sufficient to produce Neumann bands in 
our previous work in which the explosive was directly in contact with the 
specimens. It, therefore, seems obvious that, as Dr. Perrott says, the 
decrease in energy is responsible for the decrease in the number of Neu- 
mann bands. Still, to produce them at all in this material, a certain, but 
unknown, rate of application seems necessary — a very slow rate of 
application of large amount of energy giving rise to slip bands and general 
deformation. Apparently in relatively brittle, coarse-grained irons 
Neumann bands may be produced by mere static deformation and as the 
material becomes finer grained high velocities of application of energy 
seem to be necessary and possibly when a certain fineness of grain is 
attained Neumann bands may not form at all. Grain size, mass and 
velocity are the factors involved. 
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The Iron-tungsten System 

By W. P. Sykes,* Cleveland, Ohio 


(New York Meeting, February, 1926) 

In connection with a study of tungsten steels, Honda and Murakami^ 
reported an investigation of the system iron-tungsten. This report 
included a tentative equilibrium diagram, photomicrographs of various 
alloys in the series, and qualitative measurements of hardness and magne- 
tic properties. The present investigation originally had as its object the 
study of the hardness and tensile properties of a series of carbon-frce 
iron-tungsten alloys. But, as the work progressed it became evident 
that the system possessed other features of interest, so the scope of the 
investigation was enlarged. 


Materials 

The iron powder used in preparing the alloys was obtained as follows: 
Iron oxalate was precipitated from a ferrous-sulfate solution by the 
addition of a solution of oxalic acid. This oxalate, after thorough wash- 
ing, was ignited to iron oxide, which after reduction in hydrogen at about 
1000° C. yielded iron powder containing but about 0.2 per cent, iron oxide 
and about 0.005 per cent, carbon. Tungsten metal in the form of powder, 
such as is used in the manufacture of filaments for incandescent lamps, 
was the other constituent. This material analyzed 99.8 per cent, tung- 
sten and contained no carbon. The metal powders, in the desired pro- 
portions, were mixed by tumbling and formed, under pressure of 20 tons 
per sq. in., into rods % by % by 10 in. 

To form the alloys without contamination, sections of the pressed 
rods were placed on alundum slabs and heated in an alundum tube 
wound with a tungsten resistor and packed in heat-insulating material. 
While the resistor was heated, a stream of hydrogen was continually 
passed through both the tube and the case containing it. The tungsten 
winding on the tube, as well as the material heated within the tube, was 
thus protected from oxidation. Such a furnace will operate constantly 
for several days at temperatures up to 1500° C. and for shorter periods 


* Metallurgist, Cleveland Wire Works, Incandescent Lamp Dept., General 
Electric Co. 

^ Kotara Honda and K. Murakami: Sci. Rep. Tohoku Imp. Univ., 6 , No. 6. 
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when the temperature is raised to 1800° C. At this temperature, the 
alundum softens and the tube collapses after a few hours. 

In this furnace complete fusions were made of iron tungsten alloys 
containing tungsten up to 60 per cent. To fuse completely an alloy 
richer in tungsten than 60 per cent., it was necessary to heat the pressed 
rod directly by passing current through it, the rod being mounted 
between water-cooled electrodes and protected from oxidation by an 
atmosphere of hydrogen. 

Temperature Determinations 

As the lowest melting point in the series is about 1525° C. the general 
use of a thermocouple is accompanied by serious difficulties. Most of the 



Fig. 1. — Alundum hood containing specimen for determination of fusion tem- 
perature WITH optical pyrometer. 

temperature measurements above 1500° C. were made with an optical 
pyrometer. A block of the metal to be fused was placed on a section of 
alundum tubing; over this block was set an alundum hood with a section 
removed through which the pyrometer could be sighted on the inside 
wall, just behind and above the specimen, as shown in Fig. 1. The 
specimen, thus mounted, was placed in the furnace at approximately 
1450° C. and the temperature increased at the rate of about 1° C. per 
minute. The first liquid formed appears in sharply defined black spots 
on the surface, or more often black lines on the edges of the block of 
metal. This dark area is presumably the reflection of the relatively dark 
open end of the furnace tube. 

Several such determinations of the melting point of pure iron were 
in agreement, within ± 3° C. The fusion temperature of pure nickel under 
like conditions was also noted. From these readings a slight correction 
was applied to the calibration chart of the pyrometer lamp. The alloys 
used for fusion-temperature determinations were previously heated for 
several hours at 1500° C. to 1515° C., to insure thorough diffusion of the 
components. By following this procedure, the observed temperatures 
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at which fusion commenced for a given composition agreed as closely as 
the corresponding readings taken on pure iron. 

When plotting these temperatures, the first appearance of fusion was 
taken as the solidus. The liquidus, or temperature of complete fusion, 
was less definitely marked. However, by raising the temperature 
through the fusion range at a rate as low as 10° C. per hr. and noting the 
point at which the melt assumed a convex surface, the liquidus could be 
fixed within, say ± 5° C. These determinations were supplemented by 
microscopic examinations of the specimen, in which any unfused material 
could be identified. 

In the range between 40 and 50 per cent, tungsten, a thermocouple 
was immersed in the melt and a cooling curve taken to determine, as 
accurately as possible, the location of the eutectic, which was indicated by 
the optical pyrometer readings and the microstructure. 

Equilibrium Diagram 

The equilibrium diagram of the system iron-tungsten arrived at by 
fusion-point determinations and microscopic examination of alloys of the 



Fig. 2. — Part of equilibrium diagram of iron-tungsten system. 

system is shown in Figs. 2 and 3. At 1525° C., iron will hold in solid 
solution about 33 per cent, by weight of tungsten and the melting point 
of this composition is less than 10° C. below that of pure iron. 
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Iron-tungsten alloys containing 33 per cent, or less of tungsten when 
quenched from the solidus will present, under the microscope, only the 
large polyhedral grains of the solid solution, Fig. 4. The range from 
pure iron to 6 per cent, tungsten offers some peculiar features of micro- 
structure, which will be described later. 

When an alloy of iron and 33 per cent, or less of tungsten is cooled 
from fusion to room temperature over a period of several hours, a second 
phase appears as a precipitate somewhat crystalline in form and 
unattacked by a nitric-acid etch. It appears first at the grain boundaries. 



Fig. 3. — Equilibrium diagram of iron-tungsten system. 

With slower cooling or lengthy heating at some temperature near 1200° C., 
this phase is scattered throughout the grains of solid solution; see Fig. 5. 
This second phase appears to be the compound Fe 3 W 2 containing 68.7 
per cent, tungsten, which is found to be the single constituent of an 
alloy of that composition after prolonged heating at 1550° to 1575° C. 
This compound has been given the name iron tungstide,^ but its com- 
position had been placed at 62 per cent, tungsten, or the compound Fe 2 W. 

On slow cooling, then, the tungsten, in the form of the iron tungstide, 
precipitates in the solid along the line BGj Fig. 2. This line was located 
by microscopic examination of a series of specimens, water-quenched 

*H. Harkort: Metall., (1907) 18, 19, 20. 
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after heating for 6-hr. periods at temperatures ranging between 700° and 
1500° C. As an example may be cited the determination of solid solu- 
bility temperature of 20 per cent, tungsten in iron. Several blocks of the 
alloy of this composition were prepared by heating at 1500° C. for 6 hr., 
and water-quenched. Their microstructure was that of the solid solu- 
tion — the single phase. One specimen was replaced in the furnace at 
1500° C., the temperature lowered to 1450° C. and held within 10° C. of 
that temperature for 6 hr. The specimen was then water-quenched and 
its microstructure noted. As none of the second phase was visible, a 



Fig. 4. — Tungsten 30 per cent., iron 70 per cent., water-quenched from 1500° 
ETCHED WITH 10 PER CENT. NITRIC ACID IN ALCOHOL. X 1000. 

second block of this alloy was cooled to 1400° C., held at that temperature 
6-hr., quenched and examined. A piece held at 1350° C., was the first of 
this composition to show any precipitate of the tungstide. By further 
heatings at 1360° and 1380° C., the point on the solid-solubility curve for 
this alloy was placed at 1370° C. 

The tungstide precipitated at temperatures of 700° or 800° C. can 
be easily discerned by the rapid darkening of the surface of the alloy when 
immersed in 10 per cent, nitric-acid etching" solution. The alloy con- 
taining 8 per cent, tungsten after holding for 6 hr. at 600° C. showed no 
indications of a precipitate. This percentage then was taken as the solid 
solubility of tungsten in iron at 600^^ C. Specimens of 8 per cent, tungsten 
content held at 500° C. for 40 or 60 hr. failed to develop any indications 
of a precipitate. 

With an increase in tungsten above 33 per cent., the tungstide appears 
in specimens quenched from the solidus. The alloy 49 per cent, tungsten- 
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51 per cent, iron appears to be a eutectic. The freezing point of this 
alloy, as determined })y the thermocouple, is 1527° C.; by the optical 



FiCi. 5. — Tungsten 30 peh gent, ikon 70 per cent, furnace-cooled, in 40 hd. 
FROM 1500° TO 500° C. X 500. 



Fig. 6. — Tungsten 49 per cent., iron 51 per cent., fused, furnace-cooled to 
ABOUT 1520° C. AND QUENCHED; EUTECTIC COMPOSITION. X 100. 

pyrometer, this temperature was determined as 1525° C. The alloy 
fuses at a constant temperature, the lowest observed in the series, and 
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presents a characteristic microstructure, apparently a conglomerate of 
imperfectly formed crystals of iron tungstide mixed with a definite per- 
centage of the solid solution of tungsten in iron. This structure is illus- 
trated in Fig. 6. As the tungsten content increases from 33 to 49 per 
cent., this eutectic-like structure occupies increasingly more of the total 
area of the cross-section. In the alloy shown in Fig. 7, containing 35 
per cent, tungsten, a small amount of the eutectic appears near the edge 
of the section. The long needles of the compound were precipitated in 
the excess solid solution along the line BG, Fig. 2, as the alloy cooled below 
the solidus to 1500° C., at which temperature this specimen was quenched. 



Fig. 7. — Tungsten 35 per cent., iron 65 per cent., fused, furnace-cooled to 
ABOUT 1500® C. AND QUENCHED. X 100. 

In the alloy containing 45 per cent, tungsten, Fig. 8, the eutectic 
actually takes up the greater part of the section. The photomicrograph 
was taken at the border of the eutectic and excess solid solution. 

As indicated by the line BE, Fig. 2, the first indications of fusion 
occur at 1525° C. in all the compositions between 33 and 68 per cent, 
tungsten. Increasing the tungsten content above 49 per cent, results 
in the formation of larger masses of Fe 3 W 2 and a rapid rise in the liquidus 
line CH, The alloy of 55 per cent, tungsten, 45 per cent, iron, shown in 
Fig. 9, did not completely fuse until the temperature reached 1600° C. 

By prolonged heating below the liquidus, the compound Fe 8 W 2 can 
be formed in amounts that increase with the tungsten content. In 
Fig. 10, is shown a section of the 62 per cent, tungsten alloy after heating 
for 20 hr. at 1550°-1575° C. It is composed of large areas of iron tung- 
Btidc inclosing patches of the eutectic or iron-rich portion of the eutectig, 
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During the formation of the compound at temperatures near 1550° C., 
there is considerable shrinkage which results in the formation of many 



Fig. 8. — Tungsten 45 per cent., iron 55 per cent.; fused, furnace-cooled to 
ABOUT 1520° C. AND QUENCHED. X 100. 


Fig. 9. — Tungsten 55 per cent., iron 45 per cent.; fused, furnace-cooled to 
ABOUT 1520° C. AND QUENCHED. X 100. 



voids throughout the material. The alloy after heating for 30 hr. at 
1560°-1575° C. is shown in Fig. 11. As far as can be observed, it is made 
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up of only one phase. The large black patches are the shrinkage cavities 
small black etching pits are visible throughout the compound. Electro- 



Fig. 10.— -Tungsten 62 per cent., iron 38 per cent.; heated 20 hr. 1550° to 1575° C 

QUENCHED. X 300. 



Fig. 11. Tungsten, 69 per cent., iron 31 per cent., the compound FE 3 W 2 formed 
during 30 HR. heating at 1550° to 1575° C. X 300. 

lytic etching in a solution of sodium hydroxide will develop faint grain 
boundaries in the compound. 





Fig. 12. — TiTN(nSTEN ()9 pkii cent., ikon 31 per cent.; incomplete formation of 
FE 3 W 2 DURING 20 HR. HEATIN(,’ AT 1550° TO 1575° C. ; SMALL AREAS OF IRON-RICH 
MATERIAL SURROUNDED RY UNET(’HED TUNGSTIDE. X 300. 



Fig. 13. — Tungsten 69 per cent., iron 31 per cent.; after complete forma- 
tion OF compound this SPECIMEN WAS HEATED TO 1700° C. AND FE 3 W 2 PARTLY 
DECOMPOSED. ThREE PHASES: 1, TUNGSTEN RICH; 2, IRON TUNGSTIDE; 3, IRON RICH. 

X 1000. 

VOL. LXXIIl. — 62 . 






Fig. 15. — Same specimen as in Figs. 13 and 14; after heating 3 hr. at 1550® C. 

COMPOUND FE8W2 has been FORMED AGAIN ALMOST COMPLETELY. TwO PHASES: 
1, TUNGSTEN RICH; 2, IRON TUNGSTIDE. X 1000. 





¥ ig , 16. — Tungsten 65 per cent., iron 35 per cent.; after heating 1 hr. at 
1650° C. DECOMPOSITION OF TUNGSTIDE HAS BEGUN. 1, TUNGSTEN RICH,* 2, TUNGSTIDE 
FE 3 W 2 ; 3, IRON RICH. X 500. 



Fig. 17. — Tungsten 75 per cent., iron 25 per cent.; heated 6 hr. at 1675° O. 
AND quenched; shows partial decomposition of TUNGSTIDE. ThBRU PHASES: 
1, TUNGSTEN RICH; 2, IRON TUNGSTIDE; 3, IRON RICH. X 1000. 
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Fig, 18. — Tungsten 62 per cent., iron 38 per cent.; cooled slowly from 1675° 

C. 1, TUNGSTEN RICH; 2, IRON TUNGSTIDE; 3, IRON-RICH SOLID SOLUTION FROM WHICH 
PARTICLES OF TUNGSTIDE HAVE PRECIPITATED. X 1000. 



Fig. 19. — Tungsten 75 per cent., iron 25 per cent.; heated 20 hr. 1550° to 
1575° C.; tungsten-rich phase in center op field, surrounded by iron tungs- 
tide. X XOOO. 
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Fi(i. 20. — Tu.V(jsten 85 per cent., iron 15 per cent.; heated 20 hr. 1550° to 
1575° C.; ROUNDED AREAS OF TUNOSTEN-RICH PHASE SURROUNDED BY FE 3 W 2 . X 

500. 



Fig 21— Tungsten 98.5 per cent., iron 1.5 per cent.; heated 20 hr. at 1600' 
TO 1625° C.; white areas of FE 3 W 2 in tungsten-rich matrix. X 1000. 
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This composition is the first of the series to show no attraction for 
the compass needle, and this is brought about only after heating for 25 to 
30 hr. at about 1550° C. 

If an alloy containing more than 60 per cent, of tungsten is heated to 
1650° C. or above, a decomposition of the compound sets in. This fact 
is denoted by line HLy Fig. 2. Within the tungstide appears a tungsten- 
rich area 1, Figs. 13, 16, and 17, and outside the tungstide is a phase that 
seems to be the solution of tungsten in iron. In Fig. 18, this iron-rich 
area 3 is covered with small particles of the tungstide, which probably 
were precipitated in accordance with the equilibrium as shown by line 
BGj Fig. 2. 



Fig. 22. — Tungsten 99 per cent., iron 1.0 per cent.; heated 20 hr. at 1600° to 

1625° C. X 1000. 

By heating again, at a lower temperature, an alloy in which the 
tungstide has been decomposed, the compound can be to a large extent 
reformed; see Figs. 14 and 15. The decomposition occurring at tem- 
peratures above 1650° C. is accompanied by the reappearance of mag- 
netic properties in the alloy; this fact indicates that free iron is one of 
the products of the composition. 

A tungsten-rich phase appears and . increases in quantity as the 
tungsten content is raised. In alloys formed below 1650° C., this 
tungsten-rich material occurs in the form of islands surrounded by the 
tungstide; see Figs. 19 and 20. At the tungsten-rich end of the diagram, 
this solubility of iron in tungsten at 1600° C., as determined by examina- 
tion of a series of alloys, was placed at 1.20 per cent. Tungsten contain- 



W. P. SYKES 


983 


ing 1.50 per cent, iron, after 12 hr. heating at 1600° C., shows some 
undissolved iron present as the iron tungstide, Fig. 21. 

The solid solution of 1 per cent, iron in tungsten as quenched, after 
heating 12 hr. at 1600° C., is shown in Fig. 22. If this alloy is gradually 
heated to fusion by an electric current, the section at which fusion occurs 
will show segregations of iron-rich material in the form of envelopes sur- 
rounding the tungsten-rich grains; see Fig. 23. This shows that iron 
lowers the freezing point of tungsten very markedly, as shown by the 
solidus line KI, Fig. 3. Alloys containing from 69 to 95 per cent, tungsten 
were fused in this same manner. No attempt was made to determine the 
temperatures atjwhich complete fusion occurred, but as no new phases 



Fia. 23 . — Tungsten 99 per cent., iron 1 per cent.; heated 20 hr. at 1600° 

C. THEN fused; shows envelopes of IRON-RICH MATERIAL AROUND GRAINS OF 
TUNGSTEN-RICH PHASE. X 1000. 

were noticeable in the microstructure, the liquidus line KH, as drawn, 
should be representative of this part of the diagram. 

Critical Points 

When alloys containing 5 per cent, and less of tungsten were first 
examined some irregularities were noted. For example, the alloy of 5 
per cent, tungsten-95 per cent, iron showed a decidedly higher hardness 
when water-quenched from 1500° C. than when furnace cooled; but no 
measurable difference in hardness could be detected between quenched 
and slowly cooled blocks of the 10 per cent, tungsten alloy, pkewise, 
the 5 per cent, alloy exhibited a marked refinement in grain size in the 
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quenched condition, which was not found in any specimen of higher tung- 
sten content observed up to that time. This grain refinement and hard- 
ness increase brought about by a water quench from elevated tempera- 
tures had been noted in the pure iron, but to a much less marked degree. 
These findings suggested the possibility of some change in the position of 
the As critical point of iron by the addition of small amounts of tungsten. 

A series of alloys of iron with tungsten content increasing by 1 per cent 
intervals from 1 to 6 per cent, was prepared for thermal analysis. These 
specimens were in the form of blocks about 1 by 1 by 3 in. each, weighing 
about 250 gm., and, after drilling for the insertion of the thermocouple. 



were heated at 1500° C. for 2 hr. A platinum-platinum rhodium couple 
calibrated by the melting points of pure copper, nickel, and iron was 
inserted in the specimen in a thin-walled silica tube and the furnace 
allowed to cool from 1500° to about 500° C. The furnace used was 
similar to that heretofore described. After the couple had been placed in 
the specimen, the flow of hydrogen into the furnace was reduced and the 
end of the furnace tube was packed with asbestos. The temperature of 
the cooling specimen was followed with a galvanometer and potentiom- 
eter, readings being taken at intervals of 0.10 millivolt. 

The inverse rate cooling curves are plotted in Fig. 24 for pure iron and 
iron containing tungsten in amounts from 1 to 20 per cent. In the 
cooling curve for pure iron, which was started from the fusion temperature, 
the three critical points are strongly pronounced at 1400°, 890° and 770° C. 
With increase in tungsten content, the temperature of the point is 
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rapidly lowered while that of the Ars point is less rapidly raised. When 
the tungsten content has reached 5.5 per cent., both points are barely 
noticeable, Ar 4 at 1200° and Ars at 980° C. The position of Arz remains 
unchanged and can still be detected in the 20 per cent, tungsten alloy. 
The cooling rate of the furnace and specimens in these determinations 
decreased from 18° C. per min., at the high temperatures, to about 12° 
per min. at 700° C. 


Table 1. — Teniperatures of Maximum Time Intervals for Ar^ arid Ar^ 

Points 


Specirnen 


Pure . 

Fe + 1% W. 
Fe + 2% W. 
Fe + 3 7o W. 
Fe + 4 ' W . 
Fe + 5':;, w 
Fe + 5.5< ;, W 


Miixirnum Temporatiirc, Degrees C. 


Ar4 

Ara 

1400 1 

890 

1390 

905 

1360 

912 

1335 

936 

1270 

952 

1230 i 

960 

r2(K) 

980 


C'oolinj!; rate 18° to 15° C. ])(‘r mm. 
Cooled from 1500° C. 


In Table 1 are listed the temperatures of maximum time intervals 
for both points in pure iron and in the iron-tungsten series as observed 



Fig. 25. — Millivoltmetek and temperature readings of pure iron and iron 
PLUS 4 PER CENT. TUNGSTEN. 


under these conditions of cooling. For each composition two, and in 
some cases three, separate sets of observations were made. 
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Fig. 26 . — Effect of increasing tungsten content on the grain 








SIZE OF BOTH WATER-QUENCHED AND FURNACE-COOLED SPECIMENS 
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The couple was checked with the pure iron specimen several times 
during the course of the investigation and no change in its characteristics 
could be detected. 

In Fig. 25 are plotted the actual readings, in seconds, of time elapsed 
between millivolt and temperature intervals for the pure iron and the 
iron +4 per cent, tungsten specimens. The positions of the Ar 4 and Ars 
points for the respective percentages of tungsten are plotted in Fig. 2 
along the line MN, The broken portion of the line represents the 
position of these points and their merging in the range in which they are 
too weak to be detected. 

As has been determined by .r-ray analysis, the crystal lattice of pure 
iron below 900° C. is body-centered cubic; above 900° and presumably 
up to 1400° its lattice is face-centered cubic. ^ Above 1400° C., it again 
assumes the body-centered lattice^ and is designated as delta iron. On 
the basis of these facts and the shift in the positions of and Ars it 
would appear that the addition of tungsten to iron tends to prevent the 
change in lattice from body-centered cubic to face-centered cubic at 
1400° C., during cooling from above that temperature. 

As the tungsten content increases there is a corresponding decrease in 
the amount of gamma, or face-centered cubic, iron formed as Ar^ is passed 
on cooling. When the tungsten content has reached about G per cent., 
there is apparently but one lattice, the body-centered cubic, present at 
any temperature. 

The grain refinement produced by water quenching from above 
1400° C. increases to a marked degree as the tungsten content increases 
to 5.5 per cent. In the alloys containing G per cent, and more of tungsten, 
the rate of cooling has no perceptible effect upon the grain size. 

Fig. 2G illustrates the effect of increasing tungsten content upon the 
grain size of both water-quenched and furnace-cooled specimens. As the 
temperature of the Ar^ transformation is lowered, the conditions become 
less favorable for the growth of the newly formed grains of gamma iron. 
By rapid cooling through this temperature range, the opportunity for 
growth of these grains is still further restricted. At the Ar^ point, a 
new set of grains of alpha iron must form from the gamma iron existing 
above the Ar^ temperature; a second refinement of grain thus occurs, 
resulting in the structure shown for the 4.5 per cent, tungsten specimen. 

The hardness increase accompanying this grain refinement in alloys 
containing less than 6 per cent, tungsten in pure iron is shown in Fig. 27. 
Attention is called to the difference in hardness between pure iron when 
slowly cooled and when water-quenched from above 1400° C. 

3 Arne Westgren: Roentgen Spectrograph ic Investigations of Iron and Steel. 
Jnl, Iron and Steel Inst. (1921) 103 , 303. 

Edgar C. Bain: Studies of Crystal Structure with X-rays. Chem, & Met. Eng. 
(1921) 25 , 657. 

* Arne Westgren: Op. cit. 
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To eliminate the grain refinement incident to rapid cooling through 
the Ar^ point, four blocks of the 4 per cent, tungsten alloy, after the 
usual soaking at 1,500° C., were held at 1050° C. for 2 hr. During this 
time, the gamma iron present will have approached a fairly stable grain 
size for that temperature. After the 2-hr. heating, two pieces were water- 



Fk;. 27. — Rockw kll haki)ni:s.s of iuon-tuncjsten alloys heated 2 nu. at 1500° C. 

AM) WATEU-QVI^^N<'HED OH FXHLN AOE-COOLEl) IN 1 HR. 


(luenched and two cooled in the furnace to about 500° C. in 40 min. The 
Rockwell hardness numbers of these specimens were as follows: 

Rockwell, 
Average of 

Specimen Eight Readings 

Watcr-quencluHl 1 B-61 

Watcr-xiueiiclicd 2 B-60 

Furnace-cooled 1 B-4S 

l\irnaco-cooled 2 B-49 

These figures should be compared with those in Table 2 for the 4 
per cent, tungsten alloy as (luenched and as slowly cooled from 1500° C. 
The hardness of the specimens furnace-cooled from 1450° C. is practically 
the same as that resulting from the slow cooling from 1050° C. However, 
after quenching from 1500° C., well above Ar 4 the alloy shows a hardness 
of B-71, in contrast to the hardness of B-60, when quenched from the 2- 
hr. heating at 1050° C., a temperature below Ar 4 but above Ar^ for that 
alloy. 

As the hardness seems to be determined by the grain size in this 
series of low-tungsten alloys, the quench through both critical points is 
considerably more effective in refining the grain than rapid cooling 
through Ar^ alone. 
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Table 2. — Cooling Speed versits Hardness of Iron-Tungsten Alloys; All 
Specimens Were Heated 2 Hrs. at 1500° C. 




Water Quenched 


Furnace Cooled 1 Hr. to Black Heat 

Alloy 


Rockwell Hardness 


Rockwell Hardness 


Hard- 




Hard- 



- - 


ness 

Low 

' High 

1 Average 

ness 

Low 

High 

1 Average 

1%W. 


B 46 

50 

B 48 


B30 

34 

B33 

2%W. 


B 58 

55 

B56 ! 


B42 

39 

B 41 

3%W. . . 


B 67 

' 62 

B 64 


B 40 

45 

B43 

4% 


B 74 

1 68 

B71 1 


B 45 

50 

B47 

4.5% W 


B 76 

74 

B 75 


B 54 

50 

B 53 

5%W.. 

112 

B 58 

62 

B 60 

108 

B 50 

58 

B 54 

6%W. , 

118 

B 59 

62 

B 60 

112 

B 58 

64 

B 62 

10% W. 

134 

B 72 

74 

B 73 

119 

B 71 

72 

B 71 

15% W. 

139 

B 78 

81 

B 80 

132 

B 77 

78 

B 79 

20 % W” 

160 

B 87 

89 

B88 

170 

B 87 

89 

B 88 

25% W... 

176 

B 89 

91 

B 90 

180 

B 91 

92 

B 91 

30% W . 

182 

B 93 

94 

B94 i 

184 

B 92 

94 

B 93 

Iron 

74 

B 26 

29 

B 28 

70 

B 15 

20 

B IS 


® This alloy furnace cooled in 48 hrs 

had a Rockwell hardness of B 88. 

Table 3. — Hardness 

of 80 Per 

Cent, Iron-20 

Per Cent. 

Tungsten y 

Heated 2 Hr. 

at 1500 

° C. and Water-quenched; 

Heated 1 Hr. at Tern- 


peratures from 600° C. to 1400° C. 


Decrees 

Rockwell 

Hardness 

Brinell 

Hardness 

1 Degrees 

C. 

1 

i Rockwell 

! Hardness 

Brinell 

Hardness 

I 

600 

700 

800 

900 

1000 1 

B-88 

B-111 

B-112 

B-105 

B- 99 J 

160 

315 

294 

243 

192 

i 

1100 

B-90 

168 

1200 

B-86 

162 

1300 

1400 

' Quenched from 
1500° C 

B-88 

B-88 

B-88 

158 

161 

160 


Hardness Measurements 

The alloys of the iron-tungsten system exhibit a continuous rise in 
hardness as the tungsten content is increased up to about 50 per cent. 
Above that percentage in the tungstide rich range, the alloys tend to 
become porous and are unsuitable for Brinell or Rockwell measurements. 
Above 80 per cent, tungsten content, alloys formed below 1650° C. (the 
decomposition temperature of the tungstide) show a Rockwell hardness of 
about C 45. This figure drops to C 30 or C 35 for pure tungsten. 

The hardness considered thus far is that measured by Rockwell or 
Brinell standards on alloys as either water quenched from 1500° C. or 
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furnace-coolocl in about 1 hr. from 1500° C. to 500° C. Except the range 
between 0 and 6 per cent, tungsten, the hardness of a quenched specimen 
is nearly the same as that of a slowly cooled specimen. In Fig. 28 are 
plotted the Brinell and Rockwell hardness numbers as measured on a 
series of iron-tungsten alloys in the quenched condition. Hardness 
numbers of the alloys as quenched and as slowly cooled are listed in 
Table 2. 



Fig. 28. — Iron-tungsten alloys water-quenched from 1500° C. 

Hardness Increase Produced by Aging 

To ascertain what hardening effect, if any, might be produced in the 
quenched alloys by aging, hardness measurements were taken on a 
series of blocks of the 20 per cent, tungsten-iron alloy after heating for 1 
hr. at temperatures ranging from 600® to 1400® C. The results are 
recorded in Table 3 and Fig. 29. No increase in hardness was measurable 
in the specimen aged for 1 hr. at 600® C., but after heating at 700® C. 
the Brinell hardness had increased by nearly 100 per cent. As the 
temperature of aging is raised, the resulting hardness becomes less until 
at 1200® C. it is about that of the alloy in the quenched condition. The 
15 per cent, and 25 per cent, tungsten alloys were likewise aged for 1 hr. 
at the temperatures mentioned and the Brinell measurements obtained 
are plotted. 

Series of specimens from each of six alloys were heated at 700® C. 
for periods of time ranging from 15 min. to 20 hr. and the corresponding 
hardness measurements recorded in Tables 4 and 5 and Fig, 30. The 
increase in hardness resulting from this treatment becomes greater as the 
tungsten content rises. After aging for 2 hr. at 700® C., the 30 per cent. 
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tungsten alloy increased in hardness from 196 to 456 Brinell, a gain 
of aSiut 130 per cent. 



Fig. 29. — Brinell hardness of iron-tungsten alloys water-quenched from 
1500° C. AND heated 1 HR. AT TEMPERATURE INDICATED. 



Fig. 30. — Increase in hardness of iron-tungsten alloys water-quenched from 
1500° C. and heated at about 700° C. 

If the temperature of aging is raised, the hardening will develop more 
rapidly but the maximum hardness attained will be less than that pro- 
duced by heating at a lower temperature for a longer time, as shown by 


W. P. SYKES 


993 


the curves in Figs. 31 and 32. After heating for 1 hr. at 800° C. the 15 
per cent, alloy has a firinell hardness of 194, while the hardness measure- 



■ALI.OV, \\ ATKIl-OlJENCHKl) PROM 1,'500° C’. 



Fit! 32 InCUEASK in HAUDNKS.S op IRON-TUNli.STEN ALLOYS WATEK-QUENCHED FROM 

1.500° G. 

ment on the specimen heated at 700° C. for the same period is but 155. 
However, after 20 hr. at 700° C. the Brinell hardness measures 223, while 

VOL. LXXIII.—OS. 
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the maximum hardness produced by aging at 800° C. is 201 after 2 lir. 
and after 20 hr. the hardness measures but 188. 

The same effect is shown in the 20 per cent, tungsten alloy, for which 
are plotted in Fig. 31 the hardness measurements after aging at 700° C. 
and 800° C. When aged at 600° C. for 300 hr. the 20 per cent, tungsten 
alloy develops a Brinell hardness of 340 — slightly higher than the maxi- 
mum attained by aging at 700° C., further heating results in a decrease 
in hardness. The 15 per cent, tungsten alloy, after 440 hr. at 600° C., 
shows a Brinell hardness about equal to the highest developed during 
the 700° C. aging of this material; see Fig. 33 and Table 4. 



Fig. 33. — Increase in hardness of iron-tungsten alloys water-quenched from 

1500° C.; aged at 000° C. 


Table 4. — Brinell Hardness of Iron-tungsten Alloys Waier-quenched 
from 1500° C. and Aged at 700° and 800° C. 


Hold at 700®, Hours i Hold at 800°, Hours 

As ; 

Quenched j 





>2 

1 

2 

5 

10 

20 


h 

1 

2 


10 

Iron -H 5 % W , . 

Ill 





108 


111 







+ 10% W ... . 

134 



130 


151 


180 







+ 15 % W .. 

139 

144 

151 

155 

160 

220 


223 

170 

173 

194 

201 



+20 % W 

160 

213 

228 

315 

330 


330 

312 

290 

293 

294 


294 

292 

+ 25 % W 1 

184 


320 

346 

391 

391 

385 

360 

356 

372 

372 

356 

332 


+ 30% W... . 

196 


344 

420 

456 


450 

430 








The changes in microstructure accompanying the increase in hardness 
with aging are illustrated in Figs. 34 to 39. These photomicrographs 
represent steps in the aging of an alloy of 80 per cent, iron 20 per cent, 
tungsten, the structure of which, as quenched, is shown in Fig, 2. In 
the quenched condition its Brinell hardness is 160. After aging 2 hr. at 
700° C. the Brinell hardness has increased to 330. A polished section 
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Pjq 34^ — Tungsten 20 per cent., iron 80 per cent ; quenched from 1500° C 
AND aged 2 HR. AT 700° C., BRINELL HARDNESS 330. X 1000. 



Fig. 35. — Tungsten 20 per cent., iron 80 per cent.; quenched from 1500° C. 
AND aged 20 HR. AT 700° C.; Brinell hardness 312. X 1000. 
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Fl(J. 36 1 UNCJSTEN 20 PKK CENT., IRON 80 PERCENT.; QUENCHED FROM 1500° C AND 

AGED 20 HR. AT 800° C.; Brinell Hardness 260. X 500. 



Fjq, 37.— Tungsten 20 per cent., iron 80 per cent ; quenched from 1500° C. a nd 
AGED 20 HR. at 800° C.; Brinell hardness 260. X 1000. 
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after this aging darkens quickly in the etching reagent, 10 per cent, nitric 
acid in alcohol. The etching characteristics of the aged alloys resemble 
those of a quenched and tempered steel. Fig 34 shows the etch-darkened 



Fig, 38. — Tungsten 20 per cent., iron 80 per cent.; quenched from 1500° C. and 
AGED 1 HR. AT 1000° C. AND QUENCHED; BrINELL HARDNESS 180. X 500. 



Fig. 39. — Tungsten 20 per cent., iron 80 per cent.; quenched from 1500° C. and 
AGED 1 hr. at 1200° C. AND QUENCHED; BrINELL HARDNESS 160. X 500. 

surface of the alloy aged to develop its maximum hardness; a slight pre- 
cipitate of unetched tungstite is visible at the grain boundaries. 
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After 20 hours at 700° C. the Brinell hardness has dropped to 312; 
Fig. 35 shows a section of this specimen. The grain boundary precipitate 
seems to have increased slightly in volume. Throughout the darkened 
ground mass, however, no individual particles can be resolved at 2000 
magnifications. After aging this alloy for 20 hr. at 800° C., the precipi- 
tated tungstide can readily be seen scattered through the grains as well 
as at the grain boundaries; Figs. 30 and 37 illustrate this structure. The 
Brinell hardness of 260 at this stage of aging is 75 per cent, above that 
of the quenched alloy but only about 80 per cent, of the maximum hard- 
ness developed by aging at 700° C. By aging at still higher temperatures, 
the particle size of the precipitate is increased and the corresponding 
Brinell hardness lowered; see Figs. 38 and 39. 

Volume Ciianoe during Aging 

Cul)es measuring about 0.5 in. on the edge were prepared from alloys 
containing 10, 20 and 30 per cent, tungsten. These cubes were quenched 



Fk;. 40. — C'han(je in dimensio.n and hardness of iron-tungsten alloys quenched 
FROM 1500° 0. AND aged AT 700° C. 

from 1500° C., two opposite faces on each ground and measurements made 
to 0.0001 in. between the ground faces. They were aged in an electric 
furnace and hydrogen atmosphere at 700° C. + 10° C. for periods of time 
varying from 15 min. to 10 hr. By cooling the blocks in a water-cooled 
hydrogen chamber attached to the rear of the furnace, surface oxida- 
tion was completely prevented. 

Measurements made on the blocks after aging showed a shrinkage in 
the case of the 20 per cent, and 30 per cent, tungsten alloys. This 
shrinkage increases with the aging time and appears to reach a maximum 
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in these specimens in which the hardness has reached its high value. In 
the case of the 30 per cent, alloy aged for 1 hr. at 700° C., the dimension 
has decreased 0.0020 in. in 0.522 in. or about 0.4 per cent. The changes 
in dimension and hardness with increased aging time are plotted in Fig. 
40. 

Change in Physical Properties of 15 Per Cent. Tungsten-iron 
Alloy Produced by Aging 

Several rods of the 15 per cent, tungsten alloy 0.350 in. square were 
reduced in cross-section by about 80 per cent, by swaging at a tempera- 
ture of 700° to 800° C. Test bars 5 in. long were turned from these rods 
to a diameter of 0.150 in. over a length of 3 in. In Table 6 and Fig. 41 



are recorded the results of tensile tests on these rods as worked and after 
aging at 700° C. for periods of time ranging from to 15 hr. 

Heating at 700° C. for 3^ hr. results in a fall in tensile strength and 
increase in both elongation and reduction of area; this may reasonably 
be ascribed to the annealing that would take place in iron at this tem- 
perature. After another 3^^ hr. at 700° C., the tensile strength rises 
slightly above that of the unaged alloy and continues to increase until, 
after 15 hr. heating, it has reached 142,000 lb. per sq. in., representing an 
increase of about 9 per cent. The elongation and reduction in area have 
suffered a corresponding decrease. As the material was worked at 
temperatures between 700° and 800° C. it seemed probably that a con- 
siderable aging effect had occurred during swaging. In that case the 
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tensile properties of the swaged material would be the result first of, 
the hardening due to working and, second, of the hardening due to a 
certain amount of aging at the working temperatures. 


Table 6 . — Physical Properties of 15 Per Cent, T'ungsten-85 Per Cent. 
Iron Alloy Reduced 80 Per Cent, in Area by Swaging at 700-800° C. 
Diameter of Test Piece 0.150 In. 



Treatment 

! 

Tensile 

Strength, 

Lb per Sq 

In. 

Per Cent. 
Elongation 
in 2 In. 

Per Cent. 
Reduction 
of Area 

As swaged 


130,500 

8 00 

38.0 

Heated 700° C, 


114,000 

13 25 

55.5 

1 hr. 


131,500 

9 75 

44.5 

2 lir. 


132,000 

9.10 

46.5 

5 hr 


132,000 1 

8 10 1 

47 0 

5 hr 


130,700 i 

1 7 40 

39 0 

15 hr 


142,400 

4 10 

36 0 

Heated 1450°(\ 

3 2 hr. and (]uenched in water 

54,500 

3 2 

8 0 


Avora^»:(‘JS of thror t<‘sts in each instance. 


To eliminate both of these factors, several of the test rods were heated 
to 1450° C. for 1 hr. and water-quenched. The results of the tensile 

85 


SO 


As Quenched 
from 1450 *C 



400 500 ^)00 100 800 900 1000 1100 
Tempcrot^-ure, De0rec& C. 

¥ui. 42. “Tensile stiiength of 15 per cent, tungsten, 85 per cent, iron 
ALLOY HBDUCKI) 80 PEB CENT. BY SWAGING, HEATED }i HK. AT 1450° C. AND WATEB- 
yllENCHED, THEN HEATED 1 IIB. AT DIFFEBENT TBMPEBATURES. 

tests on these rods are recorded in the bottom line in Table 6. Note the 
very much lower tensile strength, elongation, and reduction. Heating 
at 1450° C. develops a very coarse grain in this alloy, which results in 
erratic elongation and reduction of area in the tensile test. The tensile 
strengths of individual test rods, however, check fairly closely. 

A number of test rods quenched from 1450° C., were heated for 1 hr. 
at temperatures ranging from 500° to 1200° C. ; Fig. 42 shows the resulting 
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tensile strength. The sudden jump in strength after heating at 800° C. 
is apparently due to the same action that brings about the increase in 
hardness in this range of temperature. Also, the rise in strength in the 
quenched alloy amounts to more than 25 per cent, against the 9 per cent, 
increase produced by aging the alloy in the worked condition. This 
contrast indicates that undoubtedly a part of the aging action had taken 
place during the swaging operations and hence was not available to 
increase the tensile strength on subsequent aging at 700° C. 

General Discussion 

A notably similar example of hardening by aging is found in the 
aluminum-copper alloy system. Aluminum alloys of the duralumin 
type, when quenched from 500° C., increase in hardness about 50 per cent, 
by subsequent aging. Merica, Waltenberg, and Scott, ^ after a study of 
these alloys, attributed this hardening to the compound CuAh, which is 
precipitated in a finely divided state duringthe aging process. When aged 
at temperatures of 150° to 200° C., the hardness of these alloys first 
increases to a maximum and then decreases. ^'During that aging, 
there has been a formation of fine nuclei of CuAh followed b}" coalescence 
of these particles into ones of large size.^’ These authors deduce from 
the results of their study that ^Hhere is a certain average size of particle 
of CuAh for which the hardness of the material is a maximum. '' 

If in the conclusions just quoted we substitute FeaWo for CuAlo the 
conclusions are fully as applicable to the observed performance of iron- 
tungsten alloys upon aging. 

The theory of the type of hardening illustrated in these two alloy 
systems has been further developed and formulated by Jeffries and 
Archer.*^ 

A preliminary exploration of the iron-molybdenum system reveals 
striking similarities between it and the iron-tungsten system. Equal 
atomic percentages of molybdenum and tungsten displace the Ar^ and 
Atz points in iron to practically the same degree. 

There appears to be a eutectic at about 35 per cent, by weight of molyb- 
denum, melting a temperature close to 1450° C. A compound is formed 
at the composition 53 per cent, molybdenum 47 per cent, iron, corre- 
sponding to the formula Fe 3 Mo 2 . The solid solution of 22 per cent, 
molybdenum in iron, quenched from 1400° C. will develop, after aging at 
600° C., a Brinell hardness greater than 500. 

Alloys of the iron-tungsten and the iron-molybdenum systems, as 
hardened by aging, have been recently used in place of high-speed steel 

* P. D. Merica, R. G. Waltenberg, and H. Scott: Heat Treatment and Constitu- 
tion of Duralumin. Trans. (1920) 64, 41. 

® Zay Jeffries and R. S. Archer: The Slip Interference Theory of the Hardening of 
Metals. Chem. & Met. Eng. (June 5, 1921); also ^‘The Science of Metals,^' 411. 
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for certain purposes at the Cleveland Wire Division. The results have 
been most satisfactory in that the useful life of these alloys is from ten to 
forty times that of high-speed steel. 
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Summary 

The system iron-tungsten comprises: (a) solid solution of tungsten in 
iron, 33 per cent, of tungsten being soluble at 1525^^ C. and 8 per cent, at 
room temperature, (b) A eutectic at 49 per cent, tungsten, being a con- 
glomerate of the compound Fe 3 W 2 and the solid solution of tungsten in 
iron, (c) The compound iron tungstide (Fe 3 W 2 ) at the composition 68.7 
per cent, tungsten, (d) Beyond this composition there may be present, 
if below 1650° C., the compound + iron in tungsten solid solution. 
If heated above 1650° C., the iron tungstide partly decomposes into iron- 
rich and tungsten-rich phases, (e) Tungsten dissolving 1.2 per cent, 
iron at 1600° C. 

The critical point is lowered from 1400° to 1200° C. and the point 
A ra is raised from 890° to 980° C. by the addition of 5.5 per cent, tungsten 
to iron. 

The Brinell and Rockwell hardness of iron increases continuously 
with the addition of tungsten in amounts up to about 50 per cent, by 
weight. 

The hardness of some of these alloys, water-quenched from 1500° C., 
is increased as much as 130 per cent, by aging at temperatures from 600° 
to 700° C. 

In aging at a given temperature, the hardness reaches a maximum and 
then decreases as aging is prolonged. 
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The higher the temperature of aging, above a certain minimum tem- 
perature, the more rapidly the hardness increases, but the lower is the 
maximum hardness attained. 

The tensile strength is affected by aging in the same manner as the 
hardness; a decrease in ductility accompanies the increase in tensile 
strength. 

Development of secondary hardness in these alloys is accompanied by 
precipitation of the compound Fe 3 W 2 . The particle size of the precipi- 
tate remains submicroscopic until the hardness has passed through its 
maximum value and has fallen off considerably. 

A shrinkage in volume takes place during the aging process and, 
in general, its maximum is coincident with that of the hardness produced 
by aging. 

DISCUSSION 

W. P. Sykes (written discussion). — Some recent work preliminary 
to a thorough study of the iron-tungsten-carbon series indicates the effect 



Fia. 43. — Coarse-grained, solid solution of tungsten in delta iron near 
SURFACE op DECARBURIZED HIGH-SPEED STEEL. WaTER-QUENC^HED FROM 1300° C. 

X500. 

of carbon on certain properties of the iron-rich iron tungsten alloys. 
With a fixed tungsten content the addition of carbon increases the hard- 
ness of the alloy as quenched from 1200 to 1300° C., but at the same time 
lowers the secondary hardness produced by subsequent aging at a 
lower temperature. 
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The following experiment illustrates in part the above mentioned 
effect. A block of high speed steel (tungsten 17 to 18 per cent. ; carbon 
0.50 to O.GO per cent.) was heated in hydrogen at 1300° C. for 3 hr. and 
(lucnchcd in water. A section of this block, ^^0 in. below the surface, 



Fkj. 44 -- -Hou.ndahy line iiet\\ee\ nohmal center (light) and partially decar- 
in'RIZED Ol'TER .SCREAf'E (D\RK). W ATER-QUENCIIED FROM 1300° C. X500. 


aftc'i* polishing and etching, showed an outer shell about H deep of 
more or less completely decarburized metal. Near the surface the struc- 
ture is that of the coarse-grained solid solution of tungsten in delta iron. 
(Fig. 43.) This is a characteristic of the carbon-free iron tungsten alloys 
containing that percentage of tungsten present in this steel. 



f^OCKiVeLL HfiRDNESS 

B - Bs QuENcneo 
B- Bs Quehcheo 
Boeo Bt Soo^c 

Fig. 45.- -Rockwell hardness numbers of high-speed steel heated 3 hr. in 
HYDROGEN AT 1300° C. AND QUENCHED IN WATER. 


Nearer the center the grains become smaller and the carbide particles 
more numerous, suggesting a gradual increase in carbon content from the 
outer portions toward the center. About li in. from the surface appears 
a very sharply defined boundary line between the partially decarburized 
exterior and the center of normal high-speed steel structure. 
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In the micrograph (Fig. 44) the darker portion is nearer the surface. 
Decarburization has proceeded from this direction toward the center or 
lighter area. It is of interest to note that the contour of the boundary 
seems to be largely determined by the positions of the unetched particles, 
the so-called complex carbides of the high-speed steel. 

In Fig. 45 are indicated the Rockwell hardness numbers in the outer 
and inner portions of this block, both as quenched and after subsequent 
aging at 800° C. Note that the outer decarburized portion behaves upon 
aging as the pure iron tungsten alloy. The center, on the other hand, 
has fallen off decidedly from its quenched hardness of C-G3, until it is now 
softer than the low-carbon or carbon-free exterior. 

Z. Jeffries, Cleveland, 0. (written discussion). — This work of Sykes I 
believe constitutes the beginning of a new art which will include the hard- 
ening of carbonless-iron alloys and the heat treatment of iron alloys in 
which gamma iron plays no role. Already this work has resulted in the 
production of an alloy, which has superior red hardness to high 
speed steel. 

The paper reflects the careful work of the author in the determination 
of the solidus and liquidus lines but, what is more important, the changes 
in the solid state have been carefully determined and incorporated in the 
diagram. There are a number of points in this paper which could be dis- 
cussed with profit, but I should like, to point out in particular the relation 
of some of Sykes' work to the quantitative estimation of some of 
the factors which increase hardness by slip-interference. 

For convenience I shall refer to some of the results of Sykes on the 
carbon-free iron molybdenum alloys described by me Dec. 3, 1925, in the 
First Robert Henry Thurston Lecture at the annual meeting of the Ameri- 
can Society of Mechanical Engineers. A carbon-free alloy containing 
78 per cent, of iron and 22 per cent, of molybdenum by weight when 
quenched from a high temperature, was found to be a solid solution with 
a hardness of 214 Brinell. On heating to from 600 to 650° C. for an 
extended period, the hardness was increased to about 530 Brinell. One 
great value in the, study of these alloys from the theoretical standpoint is 
that there is no allotropic change in the iron. We can thus follow the hard- 
ness changes due to certain structural changes without the complication 
of an allotropic change on any change in grain size. 

The Brinell hardness of the nearly pure coarse-grained iron with which 
Sykes worked, is in the neighborhood of 70. It has been found that the 
increased hardness due to molybdenum in solid solution, is nearly pro- 
portional to the atoms per cent, of molybdenum. This is true whether 
the iron is undersaturated or supersaturated. Mr. Archer has made similar 
observations on the effect of copper in solid solution in aluminum. The 
increase in hardness of iron produced by adding 14 atoms per cent, of 
molybdenum in solid solution was in one instance between 140 and 150 
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points Brinell. The further increase in hardness of this solid solution 
produced by causing the association of some of the molybdenum with 
some of the iron to form many highly-dispersed particles of compound, 
was in one instance about 315 points Brinell. However, to provide the 
atoms to form a compound the iron molybdenum solid solution becomes 
less concentrated in molybdenum. In the hardened alloy it seems that 
the solid solution contains not more than six atoms per cent, of molyb- 
denum. The hardness of the iron molybdenum alloy containing about 
0 atoms per cent, molydenum, is 130 Brinell. In the final hardened alloy 
with a Brinell hardness number of 530, the iron without change in grain 
size or without allotropic modification has been increased in hardness 
from 70 to 530. Of this increase of 460 points Brinell, about 60 points are 
attributed to the molybdenum in solid solution and 400 points to the 
high dispersion of hard particles of the iron molybdenum compound. 

Similar quantitative estimates on aluminum alloys have been made 
by Archer and myself with results of the same order of magnitude as to 
the part played by solid solutions and by the presence of highly-dispersed 
particles of compound. Mr. Dean and his associates have provided the 
basis for such calculations in the lead -antimony alloys and it can readily 
be calculated from their results that the lead-antimony alloys in their 
hardest condition owe their high hardness chiefly to finely-dispersed parti- 
cles of antimony rather than to the solid solution of antimony in lead. 

Archer and I had these considerations with respect to aluminum before 
us when we attributed the chief cause of the hardness of freshly-hardened 
steel to grain refinement rather than to a solid solution of carbon in iron. 
The evidence is overwhelming that in freshly-formed martensite most of 
the carbon is atomically dispersed and the fact is clear that such material 
is very hard. The precipitation of the carbide in highly-dispersed parti- 
cles should ordinarily produce a marked increase in hardness, but in mar- 
tensite the increase is only slight. This fact leads to the conclusion that 
slip resistance factors are present before the carbide precipitation, suffi- 
cient to develop nearly the maximum cohesion of the iron. The evidence 
was fairly strong a few years ago and is still stronger today that this hard- 
ness of freshly-formed martensite is not due chiefly to the fact that the 
carbon is in solid solution in the iron. One way of developing high resist- 
ance to slip, is by grain refinement or the great refinement of the general 
structure of an alloy. The evidence is overwhelming that the grain size 
of the body-centered crystals of iron in martensite is extremely small. 
The final conclusion is that the great hardness of freshly-formed 
martensite is due primarily to grain refinement. 

The additional evidence that a coarse-grained solid solution of 
carbon in body-centered crystals of iron cannot account for the hard- 
ness of martensite, is provided by Bain who has preserved solid solutions 
of carbon in coarse-grained crystals of body-centered cubic iron-chromium 
alloys and by Sykes who has done the same in the iron-tungsten and iron- 
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molybdenum alloys. The latter solid solutions are hardened by the car- 
bon only to an extent comparable with the effect of carbon on gamma iron 
which is not nearly sufficient to account for the high hardness of 
freshly-formed martensite. 

It is therefore apparent that these researches aside from other value, 
throw much light on the whole problem of the hardening and hardness 
of steel. 

M. A. Grossmann, Canton, 0. — It seems fitting to discuss the two 
previous papers together as they both bring out the existence of the 
gamma iron loop; that is, the fact that beyond a certain percentage of 
alloying element there is no transformation to gamma iron, there being 
merely alpha or alpha continuous to delta. This seemed to offer a 
possible explanation for certain phenomena that have been observed in 
alloy steels or in ferrous alloys other than those described by Mr. Sykes 
and Mr. Bain. 

It is especially interesting because we find here a confirmation of a 
theory put forward about 10 years ago by Tammann that such a con- 
dition was possible, and it has now been proved by Mr. Sykes for iron 
and tungsten, and by Mr. Bain for iron and chromium, and within the 
past 6 to 18 months for iron and silicon by Oberhoffer; also reviewed by 
Wever for Oberhoffer’s iron-silicon diagram and shown by him for iron 
and tin; and more recently by Maurer for iron and vanadium. 

It is in connection with the iron-silicon alloys and also the iron- 
vanadium alloys that certain evidence has come forward that is of prac- 
tical interest. About 3 or 4 years ago we encountered some unexplained 
phenomena in high-speed steel which contained approximately 3 } 2 to 4 
per cent, vanadium, the unexplained phenomena being a peculiar softness 
at all working temperatures — 1600 to 2300° F. — and also a complete 
.inability to harden these alloys by any quenching treatment beginning at 
1500 or 1600° and up to the customary high-speed steel hardening tempc^r- 
atures at 2300 to 2400°- This would be explained by Maurer’s evidence 
on the iron-vanadium diagram. In connection with the iron-silicon 
alloys the phenomenon is somewhat better known and explains the reason 
why transformer iron containing 4 per cent, silicon and almost no carbon 
can be annealed at almost any desired temperature so as to increase the 
grain size without encountering any transformations to gamma iron 
which because of recrystallization would tend to decrease the grain size. 

Member. — I recently took 20 per cent, chromium and 1 per cent, car- 
bon in connection with hardening. I found that the hardness increases 
up to 1900° F., with a very sharp dropping off above that, the Rockwell 
reading on a piece hardened at 2200° being only 42. The pieces hardened 
above 1900° do not increase in hardness but decrease if anything, whereas 
the pieces in the range from 1800 to 2000° increase on tempering 
temperatures running up to about 800° F. 
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Probable Error in Blast-furnace Records and Calculations 

Therefrom 

By T. T. Read,* Washington, D. C. 

(New York Meeting, February, 1925) 


A SHORT time ago, one of the large steel companies courteously fur- 
nished the author with detailed records of the operations of a considerable 
number of iron blast furnaces over a period of two months. These will 
be made the basis of a subsequent study, but in beginning this study one 
of the first points requiring consideration was the probable error of the 
records, for what otherwise might be regarded as significant dififerences of 
performance under different conditions were perhaps really due to errors 
of observation, or failure to observe and record variations. 

If it is assumed, in blast-furnace records and calculations, that known 
quantities or factors are constant, when as a matter of fact they are 
variable, the effects of these variations may erroneously be ascribed to 
some other cause. This is quite clearly expressed in the following 
quotation from E, Buckingham:^ 

Theory always operates on an ideally simplified picture of reality because real 
phenomena are unmanageably complicated. The results obtained are not exactly 
true for any real phenomenon, though they may be for an ideal one; and the approxi- 
mation with which a theoretical equation, however obtained, represents the actual 
facts, always depends on the approximation in essentials between the ideal picture 
and its real prototype. 

The purpose of dimensional reasoning is to find out how some quantity which is 
involved in the phenomenon under consideration is related to certain others; or to find 
the relation connecting two or more quantities which vary, or may vary, simulta- 
neously during the course of the phenomenon. Since we know that we must have a 
complete equation to start with, we begin by thinking the matter over, to see whether 
the quantities we have in mind are the only ones involved. Usually it is evident that 
they are not; so we next make a list of all the quantities we can think of which might 
under any circumstances be important. Upon considering this list, which is often a 
long one, it is usually evident that under the actual circumstances a number of these 
quantities may safely be ignored; so we cross them off the list and thus pass from our 
most general conception of the phenomenon to an ideal simpler one, in which these 
quantities are not involved at all. 


♦ Safety Service Director, Bureau of Mines. 

^ Notes on the Method of Dimensions, PML Mag, (1921) 42 , 698. 
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The decision as to whether, under the given circumstances, a quantity 
may safely be ignored introduces the possibility of error. This can best 
be illustrated by specific examples taken from blast-furnace practice. 
The chemical substances involved in blast-furnace operation are, in the 
order of relative weights involved, nitrogen, oxygen, iron, carbon, silicon, 
aluminum, calcium, magnesium, and a long list of others that are usually 
ignored, except sulfur and phsophorus, which produce marked effects 
even though present in only small amounts. 

The only way in which the nitrogen enters the furnace in appreciable 
amounts is in the blast. Its principal effect is to cool down the zone of 
combustion, as in modem practice the temperature of the top gases is 
roughly only one-third that of the blast. Therefore, the principal effect 
of the nitrogen on the blast-furnace process is simply the transferring of 
heat from the combustion zone to higher levels in the shaft. Errors in 
the measurement of the large quantities of nitrogen involved are, 
therefore, less important than they are in the case of the other chemi- 
cal substances. 

This is not true of the oxygen, which principally enters with the 
blast (both as free oxygen and in the form of water vapor), although it 
also enters combined with iron, silicon, aluminum, etc. The total 
amount of oxygen can be reckoned in pounds and the combined oxygen 
offers no special difficulty if the weights and the analysis of each of the 
combinations are known. The oxygen of the blast is much more difficult 
to reckon accurately, and the method will be discussed in some detail. 
To save repetition, it may be stated here that the constants used have 
been taken from the Smithsonian Physical Tables, 7th revised edition. 

The amount of blast entering a blast furnace can easiest be recorded 
in cubic feet; an ordinary blast furnace in the Pittsburgh district uses 
about 40,000 cu. ft. per min. A revolution-counter on the blowing 
engine and a determination of the number of cubic feet blown per revolu- 
tion would enable this measurement to be made quite accurately if it 
were only possible to make an accurate determination of the number of 
cubic feet of free air blown per revolution of the blowing engines. For 
that, it would be necessary to know accurately the true volumetric 
efficiency of the blowing engines, and this undoubtedly varies with varia- 
tion in the ratio of the intake pressure to the delivered pressure, the speed 
of the engines, the condition of the piston rings, piston-rod packing, 
valves, and other factors. Even then, the air is not in the furnace; leaks 
in valves, pipe connections, stoves, and furnace connections must be taken 
into account. Most blowing engines bear, on their sides, a plate that 
states that they deliver so many cubic feet of free air per minute when 
running at a specified number of revolutions per minute. What the 
probable accuracy of the initial measurement is I do not know, nor do 
there seem to be available any determinations of the magnitude of the 
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variables just mentioned. If we simply cross them off as capable of 
being ignored, we must not at the same time ignore the fact that the 
probable error in the measurement of the air has been greatly increased by 
leaving them out of consideration. We can only guess the probable 
error thus introduced, but a combination of all the sources of error 
probably would amount to a plus or minus error of 10 per cent, in the 
cubic feet of air recorded as blown per minute, usually on the positive side. 

But even if we could determine the number of cubic feet of free air 
accurately, we would not be out of difficulty because cubic feet are of no 
use to us, what we need to know is the number of pounds of oxygen, and 
unfortunately the number of pounds of oxygen in 1000 cu. ft. of free air 
is quite variable. The weight of 1000 cu. ft. of dry air at 32® F., 760 mm. 
pressure, and standard gravity is 80.72 lb. and the generally accepted 
figure is that air is 23.1 per cent, oxygen by weight. But the air taken in 
by a blowing engine varies quite widely from 32® F. and 760 mm. pressure 
and also varies in its moisture content. The equation that applies is 

^ 76b — ^ ^ T which Di is the actual density of the air. 


D\ — Z)o 


Z)o the density of dry air at 32® F. and 760 mm., Bi the actual barometer 
reading, e the water- vapor pressure, Ti the actual temperature (absolute), 
and To = 273° absolute. Inspection of this formula reveals that Di has a 
minimum value when maximum values of e and Ti occur simultaneously 
with a minimum value of JBi; or, in other words, the least free oxygen in a 
cubic foot of air is found on a day when the barometer is lowest, the 
temperature is highest, and it is raining. Conversely, the most free 
oxygen in a cubic foot of air occurs on the day when the barometer is 
highest, the temperature lowest, and the humidity least. It need 
scarcely be explained that water-vapor pressure is such a function of 
temperature and humidity that its maxima and minima coincide with 
maximum and minimum values of those two factors. 

In order to get an idea of the range of variability of Di let us sub- 
stitute the observed figures at Pittsburgh, Pa., where so many blast 
furnaces are in operation. 

June 20, 1924, noon; Ti = 31.1® C. (88® F.); e = 20.6 mm.; Bi = 
738.86 mm. (29.05 in.). 


738.86 -20.6 273 

Ul — i^o A rjad A 1 


0.8485 


Jan. 21, 1924, noon; Ti = -17.22*’ C. (1° F.); e = 0.58 mm.; Si = 
745.48 mm. (29.35 in.). 

745.48 - 0.58 
Z)i = So X - 


760 


273 
^ 255778 


The actual weight of 1000 cu. ft. of free air at Pittsburgh was 80.72 X 
0.8485 = 68.49 lb. on June 20, 1920; and on Jan. 21, 1924, it was 80.72 X 
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1.046 = 84.44 lb. On June 20, 1000 cu. ft. air contained O.Q lb. water 
vapor, which is 88.86 per cent, oxygen by we^ht; on Jan. 21 it contained 
0.03 lb. water vapor. Hence, the weight of the dry air was 83.51 — 0.03 
= 83.48 lb. on Jan. 21 ; and on June 20, it was 67.73 — 0.90 = 66.83 lb. 
The free oxygen content was, respectively, 83.48 X 23.1 = 19.28 lb. on 
Jan. 21 ; and 66.83 X 23.1 = 15.43 lb. on June 20. Adding the oxygen 
contained in the water vapor, the total oxygen, free and combined, in 
1000 cu. ft. of free air at Pittsburgh was 19.3 lb. on Jan. 21, 1924; 
and on June 20, 15.36 + 0.8 or 16.16 lb. Taking the mean of these 
two figures, it is evident that the one is +8-8 per cent, and the other 
—8.8 per cent, of the mean. Or, putting it another way, there is over 
17 per cent, difference between the oxygen content of 1000 cu. ft. of free 
air at Pittsburgh under summer and winter conditions. 



Fig. 1. — Avekagb pebformance op a oboup op bijAst pubnaces at Chicago, Ili,. 

A similar calculation applied to the weather records for Feb. 23, 
1923, and July 19, 1923, for Duluth, Minn., where a number of blast 
furnaces are in operation, gave an even larger variation between winter 
and summer. The Pittsburgh ranges are more typical of average 
conditions, however. 

It must not be overlooked that about 5 per cent, of the oxygen in the 
air on June 20 was combined, because the heat absorbed by dissociation 
of the HjO is approximately double the heat 3 delded by burning the 
oxygen to CO; or in other words, the furnace is not only getting about 20 
per cent, less oxygen per cubic foot of air in the summer than it is in the 
winter, but about 10 per cent, of what is there is of no value, as far as 
heat in the hearth is concerned, for 5 per cent, of the free oxygen present 
is required to balance the heat absorbed in dissociating the water vapor. 

The next point to consider is whether, under actual circumstances, 
such variations may safely be ignored. In Fig. 1, there have been 
plotted the pounds of coke burned per minute and tte cubic feet of air 
blown per pound of coke burned, as calculated from the data on a group 
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of blast furnaces at South Chicago.* Inspection of the curves at once 
reveals that the monthly averages compiled from the records on the 
individual furnaces show more variation between July and August, 1919, 
than there is between January and August of that year, in the number 
cubic feet of air blown per pound of coke burned. Evidently there are 
other factors influencing the volume of air recorded per pound of coke, 
and the effects of these are so much greater than the effect produced by 
variation in the temperature, pressure, and humidity of the air that the 
effects of the latter are completely masked. 

The question may fairly be raised as to whether in the operation of 
blast furnaces, it would not be a useless refinement to attempt to com- 
pensate automatically for variations in the temperature, pressure, and 
humidity of the air supply of the blowing engines, so that they would 
furnish a constant weight of air rather than a constant volume. The 
advantage of so doing would be to eliminate these three variables and 
jjermit attention to be concentrated on the other variables mentioned, 
which would perhaps lead to a better understanding and control of them. 
In any case temperature, humidity, and pressure of the free air cannot be 
safely ignored in computing the pounds of oxygen supplied to the furnace 
from the volume of the air. Calculations based on the pounds of oxygen 
supplied to the furnace in the blast might be in error as much as 15 to 
20 per cent, if the pounds of oxygen are reckoned from the volume blown 
without correcting for temperature, pressure and humidity, and investi- 
gators often base conclusions on observed differences much less than this. 

To get the curve in Fig. 1, cubic feet of air have been divided by 
pounds of coke and the question immediately arises as to the probable 
error in the measurement of the pounds of coke. At most blast-furnace 
plants, the only time the coke is actually weighed is in the railroad cars 
in which it is shipped. On the average, these weights are quite accurate. 
Railroad scales are inspected and tested by the Bureau of Standards, 
which reports that, on the average, on a well-equipped railroad the plus 
or minus error in the scales does not exceed 0.2 per cent. Of course, 
errors in individual determinations may greatly exceed this, but, in 
accordance with the theory of probability, such errors of determination 
should balance each other in a large number of determinations. 

Even the tare weight of the car, which is measured at the car shops 
and stenciled on the side of the car, will not show an average error greater 
than 0.5 per cent. The tare weight is subtracted from the gross weight 
of the car and, assuming that the car is completely emptied, gives the 
weight of the contents quite accurately. In freezing weather, the car 
naay not be completely emptied and some errors may arise from this 
cause, but it does not seem probable that they would be of much impor- 
tance except in special instances. The conclusion, therefore, is that the 

* W. Mathesius. Year Booh Amer. Iron and Sted Inst. (1920), 433. 
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weight of the coke delivered to a blast-furnace plant is determined with a 
high degree of commercial accuracy. 

The coke from the railroad cars is dumped into bins or in storage 
piles. From these, it is gathered by the charging system and eventually 
delivered to the furnace in skip loads. The weight of coke charged into 
the furnace in any given period is obtained by counting the number of 
skip loads and multiplying by an average figure of the weight of coke per 
skip. This average figure may be arrived at in a variety of ways; in some 
places it is changed from time to time by the following method: The 
weight of coke on hand at the beginning and end of a month is deter- 
mined by measuring the volume of the stock in the bins or piles and 
multiplying by an average figure of pounds per cubic foot. The weight of 
coke delivered during the month is known from the scale weights, and the 
difference between the weight on hand at the end of the month and the 
sum of the weight delivered plus the weight on hand at the beginning 
of the month, should equal the amount charged to the furnaces as deter- 
mined by the skip loads charged. Actually, these weights do not agree, 
sometimes by considerable amounts, and they are brought into agreement 
by altering the weight per skip, as applied to that month. In other words 
While the volume of the skip is constant the weight assigned to that 
volume varies from month to month. 

The logical basis for this procedure is that everybody knows that the 
weight of a unit volume of broken material of any kind is variable, depend- 
ing on the size of the particles with respect to their container, the 
proportion of different sizes in a mixture of sizes, and a variety of 
other considerations, such as whether the container has been loosely 
filled or whether it has been jolted or otherwise compacted. Flagg^ 
measured the weight per cubic foot of 177 samples of broken coal and 
concludes ^^one should not expect that the use of the weights per cubic 
foot contained in the foregoing table will give accurate results within, 
say, 10 or 15 per cent, if applied to coal in a storage pile or other place 
where the material is apt to be in a compact mass.'' These remarks 
apply to measures that have been leveled with a straight edge but a skip 
is not filled to the top, because of spillage. It is probably fair to assume 
that there is enough probable error in the weight per skip load assigned 
to the coke to justify altering it to make it agree with the weight as 
calculated from the stock records. But it should not be overlooked that 
the two quantities are not endowed with an accuracy they did not 
previously possess through the operation of being made to agree. Inspec- 
tion of the curve pounds of coke burned per minute" in Fig. 1 reveals 
that its range in the two-years period is plus or minus 6 per cent, of its 
mean value. It is at least open to question whether the accuracy of ^the 
measurement of the pounds of coke burned in any given month exceeds 


• Weights of Various Coals, Bur. of Mines Tech, Paper 184. 
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plus or minus 5 per cent, and if the probable error in the quantities on 
which the curve is based is as great as the variability of the curve itself; 
it is not safe to base any inferences on it. For example, comparison of 
the two curves ** pounds of coke burned per minute and ‘^average daily 
production of pig iron, gross tons'' reveals that they do not keep step, 
as might have been expected; in other words, an increase in the pounds 
of coke burned per minute is sometimes accompanied by an increase in 
pig-iron production, and sometimes by a decrease. A possible inference 
from this is that there are other factors, not shown, that affect the daily 
pig-iron production more than the rate at which coke is being burned 
affects it. This may indeed be true, but the curves do not prove it, 
because the accuracy of the coke curve is not great enough to justify 
such use of it. 

Turning to the curve cubic feet air per pound coke," it may be 
noted that the range of variation of this curve is also within plus or 
minus 5 per cent., or in other words, the apparent variability of the curve 
may result from the possible error in the coke weight, on which it is 
based, rather than from any actual variation in the pounds of air supplied 
per pound of coke. Here again we do not seem to be justified in drawing 
any inference from the curve, other than that between 55 and 60 cu. ft. 
of air are required to burn a pound of coke at this Chicago plant. Using 
the Pittsburgh figures above as to the range of oxygen in air (from 19.3 
to 16.47 lb. oxygen per 1000 cu. ft.) the range in the oxygen supplied per 
pound of coke burned is from 0.91 to 1.15 lb. if the larger value for oxygen 
content is applied to the larger volume and the smaller value to the smaller 
volume. If the smaller value for oxygen content is applied to the larger 
volume and the larger to the smaller volume, the values become 0.99 
and 1.06 lb., respectively; the possible variation in the oxygen content is 
of the same order of magnitude as the variability of the volume, and by 
judicious selection of the mean values to be used in calculations they may 
be made to prove almost anything desired if the probable error in the 
determinations is ignored. 

It is interesting to note in this connection that 1 lb. of coke of 86 per 
cent, carbon should require 1.15 lb. of oxygen to burn it to carbon mon- 
oxide. As all the oxygen of the blast is burned to carbon monoxide in 
the bosh, it is evident that even the smallest of the four figures given is too 
large to agree with the determination by Joseph, Royster, and Kinney,* 
that 77.8 per cent, of the fixed carbon is burned in the hearth, which would 
correspond to a requirement of 0.89 lb. oxygen in the blast per pound 
coke. This would indicate that blast furnace records of cubic feet of 
air blown per minute are probably always in error on the positive side, 
which might have been expected. The reduction of silica to silicon in 

< Royster, Joseph, and Kinney: Reduction of Iron Ore in the Blast Furnace. 
Blant Furnace and Steel Plant (February, 1924). 
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the bosh region liberates a quantity of oxygen that amounts to less than 
0.02 lb. oxygen per pound of ooke burned, or about 2 per cent, of the 
oxygen in the blast, using as a basis the Chicago figures cited above. 

In calculations based on the pounds of carbon burned in the furnace, 
there is not only the possible error in the ooke weights, discussed above, 
but also the variation in the carbon content of the coke. There do not 
seem to be comprehensive figures on this, but it may be inferred from the 
figures on the variability of the ash content of ooke published by Mathe* 
sius.* These show that coke containing 10.8 per cent, ash on the monthly 
average ranged from under 10.0 to over 11.5 per cent, in the daily average 
analyses, or a variability of over 15 per cent, in the ash content of the 
ooke. If the variation in the ash content produces an equal variation in 
the carbon content, this would correspond to about 2 per cent, as the 
variability of the carbon content of the coke. This is not much, but it 
adds a complication to the possible error in the weight determinations. 
The records of the 29 blast furnaces, referred to above, show a range in 
the average ash content of the coke used from 12 down to 7 per cent., 
which indicates the error that may be introduced by using average 
figures in calculations applying to individual plants. 

Another extremely important factor in calculations based on the 
carbon content of coke is the moisture content of the coke. When the 
hot coke is pushed out of a coke oven, it is sprinkled with water to quench 
it. Theoretically, just enough water is used to stop the combustion and 
the heat of the coke should evaporate any excess water. However, it 
is extremely difficult to regulate the amount of water as carefully as this 
and, in addition, the coke, in process of transportation and while stored, 
is exposed to rain and snow which may cause it to take up quite con- 
siderable quantities of water, as the spongy structure of the coke is well 
adapted to holding large quantities of water by adsorption. In the case 
of the 29 blast furnaces referred to, some plants do not give the moisture 
content of the ooke and the others report such vturjring figures as 2, 5, 
and 12 per cent. This quite variable percentage of moisture in coke 
introduces another error in the blast-furnace records and calculations, 
because it is apt to change from day to day. A cwload of coke that has 
been sampled and its moisture determined may take up quite considerable 
additional quantities of moisture if exposed to rain or snow; and, con- 
versely, coke that is high in moisture may lose a considerable portion of it 
if exposed to conditions under which the water may evaporate. Where 
the coke is actually weighed, changes in the moisture content will produce 
a corresponding change in weight; and where its weight is estimated by 
volume, change in the moisture content produces a change in the weight 
that almost defies determination. In the paper by Flagg, the second 

*W. Mathesius: Uniform Coking Coal as a Factor in Blast-furnace Economy. 
Ytar Book Iron and Sted Inst, New Yoik, (1924) 46. 
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concluflion is as follows: ^'The sample of higher moisture content will 
usually occupy more space for the same number of pounds of dry coal 
than will a sample of lower moisture content. However, the increase in 
volume for the wet coal is not as great proportionately as is the increase 
in weight per cubic foot.” It seems probable that coke of high moisture 
content will also occupy more space for the same number of pounds than 
dry coke, but this has not yet been subjected to careful study and accu- 
rate determination so that no one can say just what effect variation in the 
moisture content has on the determinations of the weight of coke by 
measuring its volume. It is evident, however, that this is a third variable 
factor in the accurate determination of the weight of carbon actually 
supplied to a blast furnace. This emphasizes the need of caution in 
drawing conclusions from curves or calculations based on the weight 
of coke. 

The variability of ash content of coke and of the sulfur content has 
been so admirably discussed by Mathesius in the paper cited that no 
further reference will be made to it here, other than to recommend the 
careful consideration of this paper. 

Turning now to the determination of the quantities of iron involved 
in the blast-furnace process, we have a quite different state of affairs, and 
one offering even more difficulties. The iron goes into the furnace in a 
variety of forms. Most of it is in the form of ore, and probably most 
furnaces use three ores in their furnaces, some four or five. Roll scale, 
borings and turnings, sintered flue dust, ladle, runner, and ordinary 
scrap, mixer skimmings, and converter slag, to mention only the principal 
ones, are charged into the furnace along with ore. The weighing of 
such material presents no particular difficulty, but its sampling for 
analysis is exceedingly difficult. The average total quantity so used 
amounts to about 8 per cent, by weight, of the total iron-bearing material 
charged, according to the annual statistical report of the Iron and Steel 
Institute. The scrap and scale are higher in iron content than the ore, 
some of the other materials are much lower. Where such materials are 
weighed and an average analysis applied to the weights, the possible error 
can probably be safely ignored; but in some places, at least, borings, 
turnings, etc., are thrown on the ore piles or bins, and the weights of some 
of the other additions are reckoned with a shovel rather than with a 
scales. The possible error in the quantity of iron charged into the 
furnace resulting from errors in the reckoning of the material other than 
ore is probably impossible to determine, but it should be borne in mind 
in calculations where the quantity of iron is important, or forms the 
basis of deductions as to furnace performance. 

Most of the iron enters the furnace in the form of two, three, or more 
kinds of ore. Furnaces with modern charging systems usually weigh the 
ore, so the weights as shown are probably quite accurate. These weights 



1018 


PROBABLE ERROR IN BLASP-FVRNAOE RECORDS 


are multiplied by average analyses appl 3 dng to each lot of ore. These 
analyses are usually eai^ analyses. The ore as delivered at lower lake 
ports is sampled by the employes of firms that make a business oi such 
work, one firm representing the buyer and another the seller. At the 
same time a separate moisture sample is taken. The cargoes range from 
3000 to 12,000 tons, and the various samples taken are combined in a 
single sample and analyzed. The results usually check to 0.5 per cent, 
on the iron, representing a probable error of 1 per cent, in the amount of 
iron present. This represents the agreement of two samples taken by the 
same general method under the same conditions. No one knows, or can 
know, how closely the samples represent the actual average composition 
of the lots of ore sampled. Through the courtesy of some of the operators 
the author has obtained the carload analyses, made at the mines, on four 
cargoes, ranging from 4000 to 10,000 tons. These compare as follows: 

Iron, Per Cent. 


Cargo number I II III IV 

Cargo analysis No. 1 56.90 54.29 37.09 36.45 

Cargo analysis No. 2 57.23 54.45 36.38 35.39 

Carload analyses, average (44) 56.25 (25) 52.50 (72) 37.45 (102) 36.71 


The figures given are the percentage of iron, natural; or, in other 
words, the percentage of iron in the dried sample has been calculated 
back to the percentage of iron in the natural sample by allowing for the 
percentage of H 2 O shown in the moisture samples, which was as follows: 


Moisture, Per Cent. 


Cargo number 

I 

II 

III 

IV 

Cargo analysis No. 1 

7.78 

7.67 

20.71 

20.58 

Cargo analysis No. 2 

. . 7.09 

7.34 

20.91 

19 62 

Carload analyses, average 

.... (14) 8 87 

(8) 9.60 

(25) 16.90 

(27) 17.61 


The numbers in parentheses beside each carload average, in both 
tables, are the number of determinations that have been averaged to 
give the analysis shown. 

Inspection of these tables indicates that calculations of the actual 
weight of iron are probably correct to within 1 per cent, as far as the iron 
percentage is concerned; but as the weights of ore delivered to the furnace 
must be corrected for moisture, and as the moisture figure does not seem 
to be reliable within 10 per cent, of the quantity found, the probable error 
in calculations as to the total weight of iron charged into the furnace in 
the form of ore is likely much larger than 1 per cent. There seem to be 
quite considerable differences in the moisture content at the mine and at 
lower lake ports, and the differences between the ports and the blast- 
furnace skips are conceivably equally large. 

A factor that has so far been overlooked is the relative magnitude 
of the quantities to which the averages are applied. This can be most 
clearly explained by the use of analogy. Suppose a regiment of 2400 
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men, divided into companies of 200 men each. The average height of 
the regiment is 6 ft. 8 in.; the individual men range in height from 6 ft. 
2 in. down to 6 ft. 2 in. If care is taken in assigning the men to the 
companies they can be so arranged that the average height of each 
company ^will also be 5 ft. 8 in. or very nearly. Now suppose 10 men, 
taken at random from a company, are told to report to the captain. 
The average height of these men would not be 5 ft. 8 in., they might be 
all 5 ft. 2 in. men or they might be all 6 ft. 2 in. men. If the number of 
5 ft. 2 in. men in the 200 men is known, it is quite simple to calculate the 
probability that 10 men taken at random from 200 men would average 
5 ft. 2 in. By similar methods, using the height of each man, the number 
of men, and the average height, it can be calculated that 10 men taken at 
random from 200 men would not show an average that would differ 
from the average of the 200 by more than the amount revealed by the 
calculation. If each of the 200 men was 5 ft. 8 in., then the average of 10 
men taken at random from the group would differ from 5 ft. 8 in. by zero, 
but if some of the men were shorter, and some taller, the average of 10 
men taken at random might differ from the group average by an amount 
that would be a fraction of the amount the individuals differed from 
the average. 

Another way of expressing this is to say that an average only applies 
to the number of quantities of which it is an average. If a fractional 
part of the group averaged is taken that fraction may differ from the 
group averaged by a quantity which is a fraction of the number in the 
group, the number in the fraction, and the extent to which the individ- 
uals differ from the group, or their variability. 

Applying this example to the case before us, iron ore as dug from the 
pit is loaded into a car, which is sampled, and thus constitutes an indi- 
vidual lot. The individual cars are dumped into the pockets at the ore 
docks in such a way as to make the average for the pocket come as near 
the average to be shipped as is practicable. It is generally beUeved that 
the operations of sliding the ore down a chute into the vessel, digging it 
out of the vessel at the lower lake port, loading it into cars, and dumping 
these cars into bins or storage piles at the furnace plant mixes the ore 
from the individual cars so that the product delivered at the blast furnace 
is quite uniform in composition. So far as I know, no test has been made 
to determine whether such mixing actually does take place. Experience 
indicates that when a mixture of coarse and fine material is allowed to roll 
or slide the coarse and the fine tend to separate, and if they differ in com- 
position the resulting piles are less uniform, instead of more uniform, than 
they were before the material was moved. Without making a test, it is 
impossible to say whether any individual one-tenth part of an ore pile at 
a blast-furnace plant would differ, and how much, from the average of the 
pile as indicated by the analysis of the cargo of which it formed a part. 
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In the light of this discussion, it seems probable that the possible 
error in the calculations of iron chai^^ to a furnace, based on furnace 
weights and averse cargo analyses, will be of the order of magnitude of 
5 or 10 per cent. 

Silica enters the blast furnace in the ore, the coke and the limestone; 
usually nearly three-fourths of the silica is in the ore, about one-fourth 
in the coke, and about one-twentieth in the limestone. The variability 
of ash in coke is quite thoroughly discussed in the paper by Mathesius, 
and coke ash is usually about 50 per cent, silica. The calculation of the 
silica entering the furnace with the coke would not only be affected by 
the variability of the silica content of the coke, but by the possible error 
in the determination of the weight of the coke, which has been discussed 
above. It seems unlikely that calculation of the silica entering the blast 
furnace in the coke can be counted on to be accurate to within 5 per cent. 

As only about 5 per cent, of the total silica involved in the blast-fur- 
nace operation enters with the limestone, a 10 per cent, error in the lime- 
stone weights or in the agreement between the actual analysis and the 
average figure used would only affect the total by 0.5 per cent., therefore 
this possible error may, in most instances, be safely ignored. 

About half of the total silica enters the blast furnace with the ore. 
It has already been pointed out that while the weight of ore charged into 
the furnace is quite accurately determined, this weight is the “natural” 
weight, and the dry weight, which is used in calculations, may be affected 
by a considerable error that may be introduced by the possible error in the 
moisture averages. The actual moisture in ore has been shown to be 
sufficiently variable to cast considerable doubt on the accuracy of average 
figures as applied to the ore charged in a given period. Some of this 
doubt arises because the determinations on individual lots differ enough 
from the average of a group of lots, such as a 10,000-ton cargo, to make it 
probable that when individual lots taken at random are charged to the 
furnace the average of those lots may differ by an tmknown degree from 
the group average, but most of the doubt arises because of the possibility 
of fluctuations in moisture content between the time of sampling and the 
time of weighing. Ore that is being removed from a pile in a rainstorm 
or snowstorm will undoubtedly increase in moisture content. On the 
other hand, in a hot dry spell if the ore is being removed from the pile 
at a rate that permits the surface layers to dry out, from the effect of the 
sun and wind, decrease in moisture content will result. It has been 
pointed out that ore standing in a bank for a long time does not show 
any marked decrease in moisture content as compared to the average for 
that orebody, but it should be noted that ore only dries out on exposed 
surfaces, and the exposed surface in a bank is very small compared to the 
exposed surface of ore in a pile. The change of moisture content of ore 
in handling and on exposure is affected not only by weather conditions, 
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but by the texture of the ore and the . total moisture present as well. 
Generalization seems impossible and it is only by actual investigation in 
specific instances that safe inferences can be drawn as to the probable 
effect that error in average moisture figures may have on the calculation 
of dry weights of ore. 

Another point that requires equally serious consideration is the 
probable error in the average silica content of the ore. In the case of the 
four cargoes of ore already referred to the silica determinations compare 
as follows: 

Pee Cent. Silica in Ieon Obb 


Cargo I Cargo II I Cargo III * Cargo IV 


i Dry 

Natural 

Dry j 

Natural 

Dry 

Natural 

Dry 1 

Natural 

i 

Cargo analysis No. l..| 7.84, 

1 

7.23 1 

1 

9.74 

8.99 

i 

6.18: 

4.90 

1 

6.74 

4.66 

Cargo analysis No. 2. . 7.30. 

Carload analyses, aver- 

6 78 1 

1 

9.15 

8.47 

6.90l 

1 

4.66 

6.98! 

4.81 

age j (44) 7,87 

7.17 i (25) 10.49 

i 

9.48 

(25)6 08; 

6.05 

(27)6.97 

4.91 


Considering the natural'^ averages (the dry percentage corrected 
for the amount of moisture present), there are differences as great as 
0.5 per cent.; in one case the difference is 0.99 per cent. According to 
which of the figures is taken as the average figure, the total silica as 
calculated from them will vary 8 to 10 per cent, of the total amount 
present. This is not the whole story, however. Inspecting the analyses 
of carload lots, of which from 25 to 44 (as indicated by the figures in 
parentheses) have been averaged, shows that they differ even more 
widely from one another: 


Per Cent. Silica Dry, 

Cargo number, ... ... 

Number of analyses 

Average percentage 

Average difference 

Maximum difference 


Mine Analyses 


I 

II 

III 

IV 

44 

25 

25 

27 

7.87 

10.49 

6.08 

5.97 

1.69 

1.39 

1.08 

0.99 

6.33 

4.72 ■ 

2.48 

2.44 


The weights to which the individual analyses apply range from 100 to 
400 tons. It is evident from these figures that ore as shipped varies a 
good deal in its silica content; one lot in cargo No. 1 differed from the 
average by 85 per cent, of the average value. It therefore follows that 
not only will the actual composition of a fractional part of the quantity 
to which an average figure applies differ, perhaps to a considerable degree, 
from the average but the average figure itself m likely to be considerably 
in error because of the practical diflSculty in obtaining a true sample of 
material that varies a good deal in its composition. This is a difficulty 
that is quite well known to gold miners; it is a matter of record that a 
$12,000,000 gold mining enterprise resulted in failurp because the true 
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average of the gold content of the ore, as revealed by mining, was only about 
two-thirds of what had been expected from the operations of a 75-ton per 
day mill, on what was believed to be average ore, for nearly two years. 
The average moisture and silica content of iron ore are undoubtedly the 
least reliable figures of any (other than volume of air blown) involved in 
blast-furnace calculations, and any calculations that involve their use 
(and many do) should be regarded as involving large possible errors. 

Of the other substances involved in blast-furnace operations, it 
scarcely seems necessary to speak, for the general considerations set 
forth in regard to the carbon, iron, silica, and moisture can easily be 
applied to the CaO, AI2O3, MgO and other components, with a due regard 
for the special circumstances that apply to each. Sulfur may be specially 
mentioned because, although the quantity involved is small, it produces, 
like a fly in a glass of milk, an effect entirely out of proportion to its 
actual mass. Joseph® has made a careful inventory of the sulfur in char- 
coal and coke blast-furnace operations and finds that in coke practice 
92 per cent, of the sulfur enters with the coke, 7 per cent, with the ore, 
and 1 per cent, with the stone, while 87 per cent, of the sulfur goes off in 
the slag and about 5 per cent, enters the pig iron. This accounts for 
92 per cent, of the sulfur without tracing the unknown amount that 
goes off in the gases from the furnace. Everything considered, this 
seems to be as close a check as could be expected, and the figures given 
are the more significant because they do not exhibit an apparent mathe- 
matical exactness that such figures do not, and cannot possibly, possess. 
Unless blast-furnace operations are studied in the light of the prob- 
table accuracy of the records and of the calculations based thereon, 
truly scientific interpretations of the blast-furnace processes seem 
hardly possible. 

To summarize, it has been set forth that nearly every measuring 
operation involved in securing blast-furnace records involves a possible 
error of 5 per cent, or more, and quantities that are commonly measured 
with greater accuracy than this have to be multiplied or divided by 
figures involving a possible error of 5 or 10 per cent., thus introducing a 
corresponding possible error into the quotient. In interpreting curves 
or tabular summaries, the possible error should be always kept in mind, 
and observed differences that do not greatly exceed the possible error 
of the data should only be used with caution in drawing inferences and 
deductions as to the blast-furnace process. 

It must not be inferred from the foregoing that since blast-furnace 
records show determinations made with only as high a degree of com- 
mercial accuracy as practical considerations of expense permit, and must 
be interpreted in the light of the probable errors involved, they are 


• T. L. Joseph: Effect of Sulfur on Blast-furnace Process. Tram. (1925) 71, 463. 
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therefore not a valuable guide to blast-furnace operation. A good 
example of a similar case is the taking of a patient^s temperature by a 
physician as a guide to diagnosis and treatment. Such temperatures are 
usually taken with a thermometer graduated to 0.2® F. and (for a variety 
of reasons) the temperature thus recorded is probably not within 0.5® F. 
of the actual temperature of the patient. The significant range of body 
temperature is only 10® F., and the possible error is therefore 5 per cent, 
of the significant range. This does not discredit the general method ; it 
merely reduces the importance to be attached to minor apparent fluc- 
tuations. Similarly, blast-furnace records are valuable for the purpose 
for which they are intended, but when they are made the basis of calcu- 
lations of a high degree of mathematical accuracy it must not be for- 
gotten that the possible error in the original figures may be large enough to 
invalidate entirely conclusions that might otherwise be drawn from the 
calculated results. 


DISCUSSION 

C. H. Herty, Jr., Boston, Mass. — The author stresses the point 
that the air blown in the furnace is variable. We have made some tests 
on the gas analysis, calculated it back to the blowing engine for a number 
of types of engines and have found that the error was somewhere between 
8 and 12 per cent. By a simple gas analysis test and the specifications of 
the blowing engine you can calculate the difference between the blowing 
engine and the air actually entering the furnace and can eliminate that 
error almost entirely, because tests for two or three months show almost 
the same figures for those periods. 

T. T. Read. — D id you find that the difference was always a 
plus difference? 

C. H. Herty, Jr. — Absolutely; we calculated 40 and the engine would 
say 46. 

T. T. Read. — Can anybody explain why these blast-furnace records 
show an apparently nearly uniform volume of air supplied per pound of 
coke burned in this Table 1, whereas we know that the oxygen content of 
a cubic foot of air varies considerably between winter and summer? 

C. H. Herty, Jr. — Is it not true in the summer time that you increase 
the speed of the blower? 

T. T. Read. — I simply took the cubic feet of air blown according to 
the published records. 

T. L. Joseph,* Minneapolis. Minn, — We all recognize that the amount 
of air required to burn a pound of coke varies from furnace to furnace, 
and may vary on a particular furnace because the amount of carbon reach- 


* Metallurgist, Bureau of Mines. 
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isg the tuyeres varies over quite a wide range. In other words, put of 
the carbon is absorbed by ‘‘solution loss” or it may be picked up 1^ direct 
reduction; consequently a smaller amount of carbon will reach the tuyeres 
and will require in turn a smaller amount of air. Furnaces in this country 
are operating on coke, which is almost like charcoal in strength and 
reactivity with carbon dioxide. Less air is required to bum a soft coke 
thui a hard coke, which will not be absorbed by the carbon dioxide in the 
top part of the furnace. 

R. H. SwEBTSEB,* Columbus, Ohio. — It is usual, in blast-fumace 
practice, to keep records of the amount of air blown reduced to 62° 
temperature, and every rise of 10° in the outdoor temperature means a 
reduction of 2 per cent, in the amoimt of oxygen. In some blast-fumace 
plants, the engineer will have on the outside of the engine room a wet- 
and-dry bulb thermometer and he will have instmctions that when the 
temperature goes to 70°, he will automatically increase the engine speed 
so as to give approximately the same weight of oxygen; if the furnace 
will not drive on that amount, the superintendent will take other 
steps to have about the same amount of oxygen going into the furnace 
per minute. 

It is good practice to have a balance sheet for the blast furnace not 
only for the air but for the coke; if it is found that the amount of air 
reported per pound of coke varies too much above 56 cu. ft. something is 
wrong, which must be determined. 

The weight of coke charged to a blast furnace is the railroad weight, 
because that is the weight that determines the cost of pig iron. This 
railroad weight is checked up, at least weekly, with the amount of coke in 
volume that is going into the blast furnace, and that can be very easily 
balanced. It is also good practice to have a balance sheet for the amount 
of ore that goes into a blast furnace. If there is any one thing that is 
analyzed carefully, it is iron ore — ^not only at the mine itself but at the 
dock where it is mixed; most ores now are mixed. Then the ore is 
analyzed again at the lower Lake points, and nearly every blast furnace 
will also analyze the ore as received, so that the actual units of iron going 
into the blast furnace are quite accurately known. At the end of the 
month, a balance sheet shows how many units of iron have gone into that 
furnace and a balance sheet shows how much has gone out as pig iron, as 
iron in the slag, and as scrap; or where you have direct metal how much 
has gone out with the kish, which is deducted at the open hearth ; and then 
there is that “unaccounted-for loss.” If the superintendent gives more 
than 100 per cent, return, you must look for the cause. It is part of my 
duty to find out where those things go, and in one blast furnace that I 
went over not long ago I found out that 220 tons of scrap had been 


* Assistant to vioe-prendent, American Bolling Mill Co. 
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recovered from slag and put back through the furnace without being 
charged into the cost of it. The man had produced that iron, lost it in 
his slag, and later recovered it. In an up-to-date blast-furnace plant, 
records are kept much more accurately than one would suppose by reading 
this paper. 

The author has done something good for the blast furnace just as Mr. 
Feild did 8 years ago when he visited several of the blast-furnace plants 
to find out the composition of slag. He called attention to the fact that 
the sampling and the analyzing of the slag were very carelessly done, and 
he brought about some reforms that most blast-furnace men have taken 
advantage of, and I think that most blast-furnace men will now take 
advantage of the author’s study. 

T. T. Rkad. — I^rrors in the iron balance of the blast furnace, while 
important to the operator, are not what I was most interested in; my 
attention was concentrated principally on the silica. As pointed out in 
the table, there is sometimes a difference of 10 per cent, between two 
equally authoritative analyses of the ore. If one analysis is right the 
other is 10 per cent, in error and this naturally leads to a doubt as to 
whether either is within 5 per cent, of the actual amount of silica in the 
furnace burden. When attempting to use these records of what happens 
in the blast furnace, we are confronted by the fact that the range of condi- 
tions in different blast furnaces is rather limited, and in attempting to 
determine the relation between coke and silica by plotting them against 
each other one is in much the same position he would be if he plotted the 
age and height of children against each other, using only children between 
10 and 12 years of age. Everyone knows that some children 10 years old 
are taller than some 12 years old and working in such a narrow range one 
would not be able to detect any significant relationship between age and 
height, whereas if he plotted age against height over an age range between 
2 years and 20 years a relationship between age and height would become 
evident. A 5 or 10 per cent, error in the weights of coke and silica, as 
shown by the records, has the same effect on the curve as the natural 
differences in height of children of the same age, and unless the actual 
weights are determined very accurately it is difficult to draw curves of 
blast-furnace performance that can be relied on as indicating the actual 
relationship between the substances involved. 

For the purpose for which they are principally kept, blast-furnace 
records are sufficiently accurate; when, however, one attempts to use 
them for purposes for which they w^ere not intended, such as making 
accurate mathematical calculations as to the relationship, he may be 
easily lead astray unless the probable error is kept in mind. 
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Making Rimmed Steel 

By Carl Peirce,* Mansfield, Ohio 
(N ew York Meeting, February, 1026) 

The writer of this article has not attempted to write a technical 
paper; on the contrary, he has tried to express in ‘^steel-plant English,’’ 
for steel men, a viewpoint drawn from his practice and experience. It is 
not his thought that it shall be taken as the “last word’* in the making of 
this class of steel, or that good rimming steel cannot be made by any other 
practice. The paper was written to serve as the basis of a discussion 
from which it is hoped much benefit may be derived. 

The paper deals only with rimming steel made by the open-hearth 
process, and with the lower carbon steels, such as sheet and tin bar, rivet 
stock, skelp, etc., although good rimming steel as high as 40 to 50 carbon 
can be made by having good open slags and giving proper attention to 
working and tapping temperatures. 

Definition of Rimmed Steel 

Rimmed steel is sometimes called open or effervescing steel to differ- 
entiate it from killed or partly killed steel. It is steel made by a process 
which permits the free escape of gases from the metal in the molds. In 
passing up through the metal, the gases keep it in a rolling action from 
the walls of the mold inward. The top of the ingot rims in as the metal 
chills and the walls of the ingot get thicker, the center part remaining 
fluid until it reaches a pasty condition when it is covered with a cast- 
iron cap. 

The Charge 

In making up a charge for rimming steel, clean stock of a known com- 
position must be selected, special attention being given to the analysis of 
the materials. The silicon in good rimming steel must be eliminated to a 
trace, therefore it is advisable to have a uniform amount going into the 
charge. Too much silicon gives a raw melting heat from which rimming 
steel is unlikely to result. For this reason a charge containing not to 
exceed 40 per cent, pig iron and 60 per cent, scrap, with no iron ore, is 
preferred to the Monell type of charge in which as high as 65 to 70 per 
cent, pig iron is used with a proportional amount of iron ore for the removal 
of the excess silicon and carbon. The silicon content of pig iron varies 
so much from day to day in the average blast-furnace practice that there 
is danger of getting too much of this element in the latter mixture when 

' With Mansfield Sheet & Tin Plate Co. 
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using the output from a battery of blast furnaces. The writer, when 
working in a plant that used a 65 per cent, pig iron charge, has often seen 
the metal in the mixer carrying more than 2 per cent, silicon when the 
limestone in the charge was fixed to care for 1 to 1.25 per cent, silicon iron. 

The smaller the amount of pig iron in the charge (consistent with hav- 
ing the heats melt high enough for proper working), the less chance there 
is of having raw melting heats. Good clean scrap should make up the 
steel part of the charge. A sufficient amount of limestone should be used to 
give mushy slags when boiling loose from the bottom. If the stone comes 
up in hard lumps and the bath looks raw and red, there is too much 
silicon-carrying material for the amount of limestone charged. By using 
a mixture of clean materials, good rimming steel can be made with a 
limestone charge of 8 per cent. The general practice, however, is to use 
about 10 per cent. Enough pig iron should be charged to have the heats 
melt between 40 to 80 per cent, carbon, although it is better to have them 
melt too high than too low. The serious effects of having heats melt soft 
is not given enough consideration by the average open-hearth melter. 

In the year 1914, in an open hearth in which it was the practice to 
charge the heats to melt close, a report was made to the superintendent 
covering all rail heats (1338 in number) made during a period of seven 
months. Bail heats were used as a basis because on this class of material 
it was possible to get an accurate record of the faulty material 
produced. This report showed that heats which melted soft averaged 
7.1 per cent, second and condemned rails as against 4.2 per cent, second 
and condemned rails of those using ore in the working. Heats that 
melted close — that is, using neither ore nor extra metal — averaged as high 
in faulty rails as those that melted soft, because the furnacemen handle 
their furnaces in the same way in both cases. It often happens, in 
large open hearths, that when a heat is melting low, the furnaceman waits 
until the carbon is down to 0.15 per cent, or below before ordering extra 
metal. As he frequently has to wait half an hour before getting it, if the 
heat happens to be losing carbon particularly fast, it is dead soft by the 
time the extra metal reaches him, and the bath is in exactly the condition 
of an overblown Bessemer heat. 

Several years ago, the writer asked a helper to show him the test on 
which he ordered his ‘‘drink of metal. The testpiece showed the carbon 
to be nearly gone. At tapping time, the heat was in particularly fine 
shape, a close tapping temperature, creamy slag, and a testpiece with a 
tough silvery fracture. When the writer expressed the opinion that the 
heat might not roll well, the furnaceman was indignant. At the rail mill 
it was said to be the worst heat of the day, finishing 9.1 per cent, second 
and 1.4 per cent, condemned rails. 

In both Bessemer and open-hearth processes, the method of manufac- 
ture is an oxidizing one, advantage being taken of the great affinity of the 
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impurities in the steel for oxygen. Low carbon steel cannot be made by 
either process without overoxidizing the metal; that is, increasing the 
amount of ferrous oxide in it. At high temperatures the affinity of iron 
for oxygen is greater than carbon for oxygen. As proof of this statement, 
E. Von Maltitz^ gives the following apt illustration : 

If from a heat high in carbon but low in temperature, a small sample is poured into 
a test mold, the steel will solidify quietly. It will not sputter and will not show any 
blowholes when broken. But when a similar test is taken from a heat of practically 
the same carbon content but of a much higher temperature, the steel will be wild, will 
sputter and rise considerably and when broken will show many blowholes. In the 
first case, although ferrous oxide was certainly formed continuously in the bath, the 
metal refused to dissolve it, and the carbon having a greater affinity for oxygen than 
iron immediately reduced it. Hence the metal poured into the mold did not contain 
ferrous oxide and the formation of carbonic oxide in the solidifying steel being impos- 
sible, the steel set quietly without forming blowholes. In the second case, however, 
the much higher temperature of the bath increased the solvent power of the steel for 
ferrous oxide, while on the other hand the affinity of carbon for oxygen was becoming 
less than the affinity of iron for oxygen. The rapidly sinking temperature of the steel 
in the mold approaching the freezing point reverses these tendemacs; a large amount 
of carbonic oxide is set free which liberates hydrogen and nitrogen which becomes 
entangled as it passes through the pasty condition of the metal and forms blowholes. 

The theory that at high temperatures the affinity of carbon for oxygen 
is less than that of iron is sound, most open hearth men will attest, since 
it is well known that it requires more ore to reduce a given amount of 
carbon when the bath is very hot than when it is on the cool side. 

Working the Heat 

Few steel men realize how the manner of working affects the quality 
of the steel. They have a vague sort of idea but as a rule no definite 
information. In compiling the data for the report on heats melting soft, 
several very interesting points developed, one of them being on this 
subject. One furnace was selected where the helpers were noted for 
the high temperature they carried when working their heats. One day, 
one of these helpers was seen to pour a spoonful of high-carbon metal on 
the floor before starting to ore the heat, and on being asked why he did 
this, said it was to see whether it was hot enough to take the ore. By 
way of comparison, another furnace was chosen where the helpers worked 
their heats on the cold side, had open creamy slags and a close temperature 
when ready for tapping. Both furnaces were of the same size, used 
the same charge, and were tapped by the same melters. Table 1 (page 
1029) shows lists of consecutive rail heats made during the same period 
on these two furnaces. The second and condemned rails of the first 
furnace averaged almost six times those of the second furnace. 

When starting to work a heat, ore should not be added until the lime- 
stone is practically all loose from the bottom and the air and gas should 
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Table 1. — Rail Heals Made on Two Furnaces 


Furnace No, 1 


F'urnace No, 2 


Seconds, 

Condemned, 

i 

Seconds, 

Condemned, 

Per Cent, 

Per Cent. 

Per Cent. 

Per Cent, 

22.1 

3 5 

! 0 0 ! 

0 7 

5 8 

0 0 

0 0 

0 0 

2 1 

25 7 

0 0 

0 0 

13 3 

2 8 

0 0 

0 0 

1 G 

0 0 

0 0 

0 0 

1 4 

0 0 

0 0 

0 0 

7 4 

0 7 

3 1 i 

0 0 

0 S 

1 5 

1 1 i 

1 0 0 

2 

0 0 

1 2 ; 

0 0 

0 7 

0 0 

1 8 

0 G 

3 3 

2 G 

3 5 : 

: 0 G 

15 0 

2 5 

0 0 

0 G 

8 3 

3 0 

5 3 

0 0 

3 0 

1 5 

2 7 

0 0 

14 2 

0 7 

1 9 

1 9 

3 3 

0 0 

, ^ 

0 8 

5 3 

0 0 

1 4,4 

0 9 

22 G 

11 3 

0 0 

0 0 

0 8 

0 8 

0 0 

0 0 

0 0 

0 7 

0 8 

0 0 

2 3 

0 8 

0 0 I 

0 0 

14 5 

0 0 

1 5 

0 0 

13 0 

1 5 

0 0 i 

0 0 

4 3 

0 7 

1 2 ' 

0 0 

8 3 

0 G 


0 G 

1.7 

0 () 

0 7 ‘ 

0 0 

1 3 

0 0 

0 0 

0 0 

13 9 

2 9 

0 0 

0 0 


be cut back to keep the metal from getting too hot because of its increased 
capacity for picking up gases when at a high temperature. In the making 
of low-carbon steels, the heats should not be ored below 0.20 to 0.25 per 
cent, carbon, that remaining being barely sufficient for shaping the 
slag and giving the bath the proper amount of stirring to rid it of its 
excess gases. As raising the temperature of steel increases its capacity 
for absorbing gases, so decreasing it aids the steel in throwing them off. 
The throwing into the bath of cold scrap, pig iron, the stirring with a 
rod, even the addition of molten manganese or spiegeleisen, because of its 
lower temperature aids in this liberation. That the gas escaping is chiefly 
carbon monoxide from the reduction of ferrous oxide by carbon is probably 
true; after a bath has been stirred with a rod, the carbon is con- 
siderably lowered. 
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The use of a half-box of pig iron while shaping the slag materially 
improves the quality of the steel. The argument may be brought up 
that this procedure will lengthen the time of the heat one-half hour. 
Standard open-hearth practice shows an hourly output of 6 to 8 tons and 
when a box of pig iron of 5000 lb. is melted and converted into steel in 
one-half hour, the furnace is making steel at a 4-ton per hour rate. If 
the rate of the furnace is 7 tons per hour, an actual loss of tons of 
steel, or 13 min. of time, has been consumed by this practice. The use 
of a box of pig iron not only aids the steel in getting rid of its injurious 
gases but its action in the bath helps in dissolving small pieces of lime, 
which ordinarily would be deposited on the hearth when the heat is 
tapped, so that in the long run less bottom trouble would be experienced 
by this practice and the improvement in the quality of the steel should 
more than compensate for the apparent loss of tonnage. 

Shaping the Slag 

During the oreing process, iron oxides are brought into the bath, 
which gives the metal every opportunity to saturate itself with ferrous 
oxide. To prevent too high a degree of oxidation during the working 
of the heat, the temperature of the bath must be controlled, also the 
oxidizing influence of the slag. If a heat is finished with a slag too rich 
in oxygen, ferrous oxide is likely to be transferred from the slag to the 
metal up to the last moment before tapping. If the bath is very hot 
the metal has a greater solvent power for ferrous oxide regardless of the 
carbon content. 

In the making of low-carbon steels, such as sheet-bar, skelp, etc., 
great care must be given to the shaping of the slag. If the heat has 
been worked down cold and no spar has been added until the last ore 
addition has worked through, no difficulty will be experienced in attaining 
a satisfactory pouring temperature. Fluorspar should be used very 
sparingly; the shaping of the slag and the raising of the bath to the final 
tapping temperature should be carried on together. A creamy slag 
rather than one too heavy or too thin, with plenty of action to the bath, 
will give the best rolling practice for the steel. 

Casting Temperature 

In either top or bottom pour, the steel should be hot enough to pour 
cleanly. In soft steel top pour, a temperature that will leave a flat saucer 
skull in the bottom of the ladle is the ideal one; in bottom-pour practice, 
the steel must be hotter than this, for in most groupings the steel will not 
rise evenly in the molds, and some butts will be made if it is cold enough 
to leave a saucer skull in the ladle. 

Many open-hearth men feel that the best quality of steel is obtained 
when the heats are tapped so that a fair-sized skull is left in the ladle. 
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Recently, the writer went over some cards of heats cast in an open hearth 
following this practice. Of 29 heats, 7 were reported as having no skulls; 
2 had skulls of 500 Ib. each; 9 had skulls from 1000 to 2500 lb. each; 
11 had skulls from 3000 to 12,000 lb. each. Some of the cards had 
no notation as to how the heats poured, so it is taken for granted that 
their pouring was good. Some of the cards showed the following notes: 
Used pricker on the fifteenth mold; running stopper from the sixth mold 
through the balance of the heat; pricker on the first mold, oxygen on the 
second; sloppy pour; heavy drip; running stopper two molds; heavy drip 
on balance. 

A heat tapped on the cold side evidently is worked the same way, and 
it is possible that some of the credit for quality given to the fact that the 
heat has been tapped cold should be given to the fact that it was worked 
cold. The average of a large number of heats would probably show 
that if they were worked on the cold side and then tapped just hot 
enough to guarantee clean pouring, the quality of the steel would be 
better and the yield and general practice much improved. In the larger 
open hearths, making 60,000 tons or more per month, if three extra melters 
were added to the force, and each melter given supervision of the steel 
made on not more than four furnaces, so that proper attention could be 
given to the working and tapping temperatures on each furnace, the 
extra cost would be less than two cents per ton on the conversion cost, and 
this could be saved many times by the better quality of the steel and 
the more satisfactory charging and operation of the furnaces. 

Pouring 

Many heats of well made steel are spoiled by improper handling in the 
casting pit. In the teeming of top-cast steel, the stopper should be 
opened slowly until a body of metal (3 to 4 in.) has accumulated in the 
bottom of the mold. This can take the full force of the stream without 
splashing, but if the full force is applied without this precaution metal is 
splashed one-quarter or one-third the way up the walls of the mold. The 
thin shell formed by the splashing chills before the molten metal reaches 
its top and a proper union cannot take place at this point, so that small 
cracks develop when the ingot chills and form seams and tears in the 
finished bar. 


Metallurgy of Rimmed Steel 

In the manufacture of rimming steels, it is necessary that certain 
elements be present in order to produce the rimming action in the molds; 
it is also necessary that other elements which prevent or hinder this 
action should be removed. 
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The gases which form the blowholes found in all rimmed ingots are 
classified by Henry D, Hibbard as follows: 

(1) Hydrogen, which forms the long blowholes found in the lower half 
or third of the ingot, which grow as the metal chills and develop in the 
line of least resistance, toward the center of the ingot. This is the long 
pencil-like type of blowhole which gives the spongelike appearance to the 
skin and which in many top-cast ingots makes the lower half appear much 
darker in color than the top half when it is stripped. An ingot with this 
kind of skin will tear and crack under the action of the rolls and produce a 
scabby and seamy bar, unfit for most purposes. 

(2) Carbon monoxide, which causes the second type of blowholes. 
These are round in appearance and in good rimming steel are located in a 
line just under the skin. 



Fig. 1. — Fracture of an improperly-made rimmed ingot. Note the long 

HYDROGEN-FORMED BLOWHOLES IN THE OUTER SKIN OF THE INGOT. 


(3) Nitrogen and ammonia, which cause the third class. These also 
are spherical in shape; they are found in the central part of the ingot. 

The blowholes of the last two types are practically harmless, those 
caused by hydrogen being the harmful ones. Fig. 1 shows the fracture of 
an ingot which may have been cast at a very high temperature or have 
been worked with the bath very hot, so that the bath boiled very mildly; 
or it may have melted soft, having no boil at all, and consequently the 
bath contained more hydrogen than it should. 
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Split top-cast rimmed ingot, 15 X 17. 
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The theory of rimming steel is that carbon monoxide is the element 
that keeps the metal in an open boil and which, in escaping from the steel, 
carries off with it a considerable portion of the hydrogen, both that which 
is dissolved in the metal and that which has begun to collect in bubbles 
clinging to the freezing walls and which is unable to escape by itself. 
(Fig. 2.) It probably carries off some of the nitrogen as well. The 
proper rate of their evolution is such that the steel does not rise as it so- 
lidifies and the ingot has a flat top when frozen. The writer is not averse 
to having the steel settle as much as 4 in. when rimming, as this guarantees 
ingots with a minimum number of hydrogen blowholes in the lower third of 
the ingot. The casting temperature and the rapidity of pouring have a 
great effect on the evolution of these gases. When it is far too hot there 
may be no evolution and the metal rises in the molds because of the 
displacement by the blowholes formed in the skin of the ingot. If the 
steel is overoxidized and the carbon is very low, often the gas will escape 
and leave a boot-leg at the top of the ingot, showing that the gases formed 
half of the volume of the steel in the mold. 

Fig. 3 shows a split top-cast rimmed ingot. 

Silicon in the open-hearth bath protects the carbon from oxidation 
and lessens the vigor of the boil. In protecting the carbon from oxidation 
it limits the amount of carbon monoxide formed, ample supplies of which 
must be allowed to remain in the metal to give the desired action in 
the molds. 

As a rule the amount of carbon the bath contains at the time of tap- 
ping governs the amount of carbon monoxide in the bath; the lower the 
carbon, the greater the amount of carbon monoxide present. Since in 
rimming steels the thickness of the skin of the ingot depends on the length 
of time it takes to rim, and this rimming effect is caused by the carbon 
monoxide present in the steel, it follows that the rimming action will last 
longer and the heats will be more uniform if they are tapped on the lower 
limits of the carbon specification. For sheet and tin bar, 0.08 to 0.10 per 
cent, carbon is preferred to a 0.10 to 0.13 per cent, carbon specification, 
as the steel is less likely to rise in the molds, it will take a longer time for 
rimming and produce thicker skinned ingots. There is also less trouble 
with segregation in the lower carbon ranges. 

In good effervescing steel, the amount of manganese added greatly 
diminishes the volume of carbon monoxide in the metal, hence diminishes 
the amount of hydrogen swept off by the rising CO bubbles. This is 
accomplished by the manganese decomposing the carbon monoxide with 
the formation of oxide of manganese, the liberated carbon being dissolved 
in the metal. So when the carbon monoxide is decomposed and therefore 
cannot cause effervescence, and no solvent for the hydrogen is present, 
skinholes are formed and the steel rises in the mold. For this reason, in 
this class of steel, the keeping of the manganese near the low limit of the 
specification, around 0.30 per cent., is favored. 
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Aluminum should be used very sparingly — from 2 to 5 oz. per ton of 
steel with the preference for the low limit. It should not be used in the 
molds unless absolutely necessary. 

Summary 

1. In making good rimming steel, materials of a known composition 
must be used and a satisfactory mix made, enough pig iron being charged 
to guarantee that the heats will not melt soft. 

2. Most important. Special attention must be paid to working and 
tapping temperatures, to shaping the slag and to slow pouring. 

3. Steel must not be overoxidized but must contain a sufficient 
amount of carbon monoxide to produce the rimming effect. 

4. In the finished steel, silicon must be down to a trace, and for soft 
steel, 0.08 to 0.10 per cent, carbon and 0.30 to 0.35 per cent, manganese 
is preferred. 


DISCUSSION 

J. Vanick, Bayonne, N. J. (written discussion). — The presence of 
ammonia in the steel, originally, is doubtful, as some one has remarked 
in the discussion, but it is true that the odor of ammonia may be detected 
in the vapors rising from the ingots. The ammonia so detected probably 
comes from sources external to the ingot during cooling, since ammonia 
would be dissociated at temperatures above 000° C. Steam in the molds 
or water vapor in the air would supply the hydrogen while nitrogen would 
also be more likely to be cracked from the envelope of air around the 
ingot. The hot iron would operate as an excellent catalyst in assisting 
in the union of nitrogen and hydrogen, the iron going to oxide. The 
alkaline earths from slag inclusions, molds or ladle linings would promote 
such a reaction. For example, the odor of ammonia may frequently 
be detected in vapors issuing from a clot of hot slag which is sprinkled or 
quenched with water. The formation of ammonia proceeds readily 
under a wide range of circumstances similar to those above, all of which 
point toward an external source of the gaseous elements involved. 

L. F. Reinartz, Middletown, Ohio. — Mr. Carl Peirce has presented 
a valuable paper on a subject that has been very widely discussed in 
recent years, especially since the demand for high finish, deep drawing 
and other grades of sheet steel in the lower carbon ranges has become an 
important factor in the steel business. Steel of this analysis has been 
produced for many years, but the product for which it was made did not 
require the extra care in the steel plant that it does today. It must now 
be worked down into thin sheets for special purposes and undergo many 
severe finishing processes both in the steel mill and in the fabricating 
plants. Mr. Peirce^s paper has outlined in a concise and logical manner 
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the steps which must be taken in manufacturing such steels. The secret 
of succcsss is attention to details of well known steel practices. 

I agree with him that quality steels of this class cannot normally 
be made out of inferior raw materials. Scrap should be clean and if 
possible not too variable in analysis. Galvanized scrap or babbit are 
particularly objectionable. Scrap should be in such physical condition 
that undue delays are not encountered in charging the furnace. Lime- 
stone should preferably contain over 95 per cent, available calcium car- 
bonate, and be free from clay or other foreign substances. Almost 
universal practice shows that 10 per cent, limestone is required for proper 
slag volumes to protect the metal from overoxidation. The use of 8 
per cent, limestone makes the operation less fool-proof. 

The pig iron, used as hot metal or cold pig iron, should not average 
more than 50 per cent, of the metallic charge. This pig iron should be 
about 0.90 to 1.10 per cent, in silicon, 1.50 to 2.00 per cent, manganese, 
and should show a clean, gray fracture with a high graphitic carbon as 
indicated by the break. If the silicon in the pig iron for any given 
charge is too high, the metal will not attain a proper action in the furnace 
at tapping time and “ riser steel is apt to result. 

If the silicon in the pig iron is too low, due to blast furnace trouble, 
blisters and laminations are apt to occur in the sheets no matter how 
carefully the steel maker has worked his heat. This type of pig iron 
often does not allow the bath to hold the carbon and the heat melts 
*^soft^^ with the attendant troubles, as Mr. Peirce has stated. 

Melting practice undoubtedly has a very marked bearing on the 
quality of the finished heat. Mr. Peirce's scheme for checking up on 
the heats worked by various first helpers is worth while following up 
in other plants. It may account for the fact that a melter may produce 
good heats on one furnace and bad ones in another. 

Spar, as every one will probably agree, must be used with utmost 
care, but every steel-plant man, if he is honest, will also agree that 
furnace men do not always follow the practices as set down by the super- 
intendent of the department. This practice must constantly be watched. 
If a heat melts from 0.40 to 0.60 per cent, carbon, it is possible to work 
sufficient ore through the bath to get the heat in good tapping condi- 
tion. Here again theory and practice must constantly be checked. 
The superintendent knows that best results will be obtained if oreing is 
discontinued from 0.10 to 0.15 points above the desired carbon and then 
rod the heat down. He must be constantly on the alert to organize the 
will of his furnace men so that they will carry out his instructions. I 
agree with Mr. Peirce that it is better to melt too high than too low. 
The more closely these two operations can be controlled the less off-grade 
heats will result. 

Experience over many years has shown that in our practice, ore 
should be at least fist size, or larger, for best results in making rimming 
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steel. Smaller ore floats around in the slag and does not do its work 
as thoroughly as the heavier ore pieces. 

We will all agree with Mr. Peirce that heats should not be worked 
down too hot in order that excessive gas volumes are not absorbed by the 
steel before it reaches the finishing stage. Such heats are apt to have 
high-iron oxide in the final slag, and require large doses of deoxidizer 
in the ladle and the molds to make the heat ^‘set^’ properly. If the 
melter hits the right combination, he may produce a good heat, but 
the chances are against it. 

Rimming steel containing 0.08 per cent, carbon and 0.30 per cent, 
manganese will undoubtedly rim better than a metal with a higher car- 
bon or manganese. Such steel, however, is very apt to produce sheets 
that will have higher lamination and blister losses because the carbon 
in the bath has been driven lower and the bath contains more gases. 
An analysis of 0.10 to 0.11 per cent, carbon and 0.40 to 0.45 per cent, 
manganese will usually give better surface and internal conditions. 

The addition of pig iron in a bath preliminary to tapping has been 
a more or less universal method for cleaning up the bath. However, 
there again, a great deal depends on the judgment of the melter as to the 
length of time to leave the pig iron in the bath and the amount to use. 
The same amount and the same length of time will not suit every condi- 
tion. If not properly regulated, it may cause more harm than good, 
chiefly blisters or laminations. Usually if a heat has been rodded down 
properly and slag is in a mediumly active stage of boil, the addition of 
the ferromanganese in the furnace instead of in the ladle will clean the 
bath of oxides. 

Care should be taken so that tap holes are not too large. The mix- 
ing of a ^^soft^^ steel slag and the metal before the ladle is more than 
two-thirds full is poor practice and causes bad steel. 

Molds must be kept scrupulously clean. Iron oxide allowed to 
remain around the top of molds is bound to fall down on the stool, and 
cause trouble when the steel is poured into the mold. Sand or other 
siliceous material, used around the bottoms of molds to prevent fins 
must not get under the mold where the metal will strike it. 

Rimming steel poured into very hot molds shortens the life of the 
molds. Such practice causes poor surface on the sheet bars made from 
the ingots ppiired into such molds. Damp molds cause blister troubles. 
Molds ordiharily should be about ^^hand warm.^^ 

I do not agree entirely with Mr. Peirce that small nozzles will always 
improve quality. The ordinary melter is primarily interested in getting 
his heat into molds. The more he is sold on the quality idea, the more 
chance he will take on the '^cold^' side when tapping his heat. How- 
ever, the tendency will always be to tap a little hotter if he must pour 
his 100-ton heat through a or 13^-in. nozzle. If, on the other hand, he 
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taps his heat at the proper temperature for producing a small rim, or plate 
skull, and then has his steel pourer teem the heat carefully through a 1^4 
or 2-in. nozzle, better average results over a raonth^s period will result. 

Steel poured hot into molds will give clean pouring practice, but 
may cause riser steel and poor surface sheet bars. 

Steel poured ^'cold,’^ i, e., with a 5000-pound skull, or larger, invariably 
causes dripping or running stoppers, and often requires the use of oxygen. 
Sides of molds are sprayed and on the avrerage more scabs and blisters 
will result from this practice than from any other. 

Practice differs with reference to the use of deoxidizers in the molds. 
The practice successfully followed in a number of plants is not to guess 
at the proper amount to add to the ladle, but deliberately to add such 
an amount that ordinarily will not quite take care of all the deoxidation; 
then by judicious use of small quantities of deoxidizers in the molds, 
to balance the variations in melting practice. 

Mr. Peirce speaks of the formation of blowholes due to high tem- 
perature causing the bath to absorb iron oxide, and that when the tem- 
perature is decreased the carbon reacts with this oxide and forms carbon 
monoxide. I think we can probably all subscribe to this theory. I am 
rather inclined to disagree with the statement that this carbon monoxide 
sets free hydrogen and nitrogen which cause the blowholes. My own 
belief is that the carbon monoxide itself causes most of these holes. 

Experiments have shown that in a rimming steel, the long horizontal 
lenticular blowholes found in the lower third of an ingot are formed 
within the first 4 min. after a 5000-pound ingot is poured. Ingots have 
been dumped when the skin of the ingot has solidified to a depth of about 
2 in., or where normally the vertical line of spherical blowholes com- 
mences to form. The shell was then split. All the horizontal blow- 
holes had already been formed in the lower part of the ingot as shown 
by the split ingot. 

The action of the metal in the mold during the first minute after 
teeming determines what kind of an ingot will be formed. Very hot 
molds will not allow the metal to solidify and thus prevent the churn- 
ing action due to the evolution of large bubbles of gases caused by the 
decreasing solubility of the gases in the metal. These gases cling to 
the mold walls and, unless the action is violent, they do not escape. The 
same result is obtained if the heat is too hot, or if some excess of deoxi- 
dizer holds back this strong boiling action. I would like more proof 
that these blowholes are due entirely to hydrogen. Miller in the 1914 
Carnegie Memoirs says that the first gas given off from several rimming 
ingots was composed of 40 per cent. CO and 38 per cent. H. Just before 
solidification CO values were 25 per cent, and H 60 per cent. This 
would indicate greater hydrogen removal at the end of the freezing than 

the beginning. As the action is most violent then, this might lend 
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OF THE INGOT HALF WAY TO THE TOP. 
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some aid to those who say the lenticular blowholes are caused by hydro- 
gen. Hydrogen, being a very light gas, might be supposed on the other 
hand to free itself first from the mold walls. 

When extremely low-carbon iron such as ingot iron is made, these 
lenticular blowholes no longer exist because a decided gasification begins 
as soon as the ingot is poured and gases have no opportunity to cling 
to the walls. When the central section approaches the stage where the 
metal becomes semi-pasty, a thin line of central vertical blowholes is 
formed (Fig. 4). 

In making rimming steel only enough deoxidizer should be added to 
eliminate the free oxides in the bath, but not enough to increase the 
gas-holding power of the metal. 

Fig. 5* shows a split ingot with a considerable number of lenticular 
surface blowholes extending from the bottom of the ingot half way to 
the top. Even if such an ingot is very carefully heated in the soaking 
pits, a large number of seams will be produced in the resulting sheet 
bars, causing serious rejections. Ordinarily the internal blowholes, if 
they are bright, as these were, will weld up. This type of ingot was 
produced by slightly overdosing the heat with aluminum, causing the 
metal to rise in the molds about 3 in. while rimming in. 

The late Professor Crabtree of Carnegie always maintained that the 
best rimming steel should go into the mold with very little free oxide in 
solution. The strong releasing of carbon monoxide gases, so necessary 
in this process, should result from the metal losing its solvent power for 
gases, and not from carbon monoxide formed by an iron oxide — carbon 
reaction. The latter shows careless, dirty practice, which melters often 
try to cover up by heavy doses of deoxidizer in the molds. 

Paul Klinger, in the January, 1925, issue of the Krupp monthly, has 
shown some interesting tests made on live, semi-killed and killed steels. 
His test proved that when live steels are poured into molds the first 
gas consists mostly of carbon monoxide. Later more hydrogen and 
carbon dioxide is evolved as the freezing progresses. In semi-killed 
steels, or those containing about 0.05 per cent, silicon, he showed that 
the gas evolved consisted of carbon monoxide and ^ hydrogen. In 
killed steels containing about 0.15 per cent, silicon, or more, the volume 
of gas was very much less than for rimming steel, and this gas was for 
the most part hydrogen. He also showed that the length of time the 
heat was held in the ladle had no influence on the composition of a well 
made steel. He claimed that carbon monoxide cannot bo kept in solu- 
tion in freezing steel and that the carbon monoxide evolved from rim- 
ming steel was caused primarily by an iron-oxide-carboti reaction. This 
claim did not seem to be reasonable as Armco ingot iron containing no 
carbon, produces a very live evolution of carbon monoxide gas during 
teeming operations. A very gassy heat may be run from the furnace 

TOL. LZXXZL— 66. 
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into a ladle and the metal killed with silicon so that no gas is evolved 
during pouring operations. It stands to reason that this gas has gone 
into solution. 

When rimming ingots are rolled, considerable gas is evolved which 
undoubtedly is carbon monoxide gas. In a soft-carbon rimming steel an 
excess of deoxidizer holds gas in solution and thus prevents rapid evolu- 
tion of gas, which sweeps away the gas that causes surface blowholes. If 
carbon monoxide gas in rimming steel would be caused primarily by reac- 
tion of carbon and iron oxide in the metal, the composition of the metal 
at the end of a pour would be much different than at the beginning 
of a pour. 

We know that when a heat has been overoxidized in a furnace that 
such action does take place, but the metal in the molds will be practically 
unfit for use and the carbon and manganese in the last part of the heat 
will be much lower than in the balance of the heat. 

Whatever method is followed, it cannot be considered a cure-all. 
Practices in one plant cannot be transferred bag and baggage to another 
shop, as almost every steel-plant man has found to his grief at some time 
or another. Each individual must start out with the generally accepted 
correct principles and then work out the detail practices to suit his 
own conditions. 

H. D. Hibbard, Plainfield, N. J. — I cannot give all the evidence as to 
what gases form these various holes. Some 15 or 20 years ago I came to 
the conclusions that are set forth in the paper. They were based to a 
considerable extent on the available gas analyses, which were a most 
discordant lot and were taken under different conditions. Nevertheless, 
the classification seemed to apply, although I have never presented it as 
a definite proposition. 

I have always qualified my statement that hydrogen probably was the 
chief ingredient of the skin holes, carbonic oxide the next, and nitrogen 
and ammonia next. In regard to nitrogen and ammonia I have some 
evidence; I have smelled the latter issuing from the center of the ingot and 
from the pipe cavities and split rail ingots. These also gave an alkaline 
reaction. So I think that until disproved by analyses, I can continue to 
abide, tentatively, by my conclusions. 

Mr. Reinartz, has gone into that so fully that I might mention a little 
thing that happened about 10 years ago when I was at their plant at 
Middletown ; I was talking to Mr. Aupperle about these gases. I had been 
trying to get people in the steel works to do some research work to find 
out what those gases were, and I went through it with him. I pointed 
out the various holes, and I said, ^‘Manifestly they are made by different 
gases.^' He was very much interested indeed. He said he believed he 
would try it, so I sketched out a way in which he could mount a specimen 
under a radial drill, drilling to 45® under a mercury bath, and collect his 
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gases and analyze them. It has never been done, I think. Drilling over 
\j|jp,ter is of no use because of the hydrogen reaction with the fine particles 
of iron. 

We went out into the laboratory and found that they had tucked away 
ample apparatus for making the whole test. It was not being used but it 
was there. It cost hundreds of dollars, I guess. He was quite taken with 
it and said in 6 months he would let me know what he had done. In 6 to 8 
months, I wrote asking him what he had done, and he had done nothing. 
Since then they have done nothing; I have been assured of that at 
this meeting. 

If any of you want to take this up, there is a great field for research, 
because if we knew what those gases were, we certainly would be able to 
deal better with them than by guessing. 

Mr. Peirce quotes me as having made statements, but he does not 
give the qualifications. As I say, I have always endeavored when I made 
these statements, to qualify them by saying that to the besfof my knowl- 
edge and belief it was so, but I cannot prove it. 

This last split ingot he shows is an extraordinarily fine one, only he 
does not give the analysis. If it was ingot iron, it would not be anything 
extraordinary; but if it was 12 carbon steel, it would be very fine. I was 
in hopes he would be here, and I would like to know something about the 
furnace practice that produced that ingot. 

Speaking of the paper in general, we see so many statements that a 
steel was good or a steel was bad, but that does not tell very much. If we 
could be told in what way it was good and in what way bad, that would 
help us to understand the paper much more satisfactorily. 

I did mark one thing, and that is on page 1035 where he speaks of the 
minimum number of hydrogen blowholes in the lower third of the ingot. 
They ought not to be up so high as a third. A good ingot of 12 carbon 
steel, I claim, ought not to have the blowholes on the side more than 10 
per cent, of its height anyway. It ought to be from 5 to 10 per cent. I 
think that a third is too much, and I imagine that if he undertook to make 
sheet bar of that, he would find that he would have some split sheets 
resulting from those holes down there. 

I want to reserve the right Mr. Chairman, to send in some written 
discussion after I have had the time to read the paper carefully. 

J. V. W. Reynders, New York, N. Y. — I hope you do so, at the same 
time carrying the subject forward to a point that will reduce the qualifi- 
cations to a minimum. 

C. L. Kinney, Jr., Chicago, 111. — I have heard it stated that in the 
making of rimmed steel it is very necessary to work with a little residual 
manganese. I note that Mr. Reinartz says that in their pig iron charge 
the manganese ran from 1.50 to 2 per cent. I would like to ask Mr. 
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Reinartz what his residual manganese may be in that particular type of 
steel made with that particular type of iron? ^ 

L. F. Reinartz. — 0.15 to 0.18. 

C. L. Kinney, Jr. — ^Would you consider that working with one ranging 
from 0.25 to 0.30 it would be impossible to make rimmed steel? 

L. F. Reinartz. — I would rather not work over 0.20. 

C. L. Kinney, Jr. — In making steel for other types of work, say other 
than sheet bars or plate steel, for example, ranging in carbon from 0.15 to 
0.25, would you prefer to work with a lower residual manganese or work 
with a higher residual manganese and perhaps get better physical proper- 
ties in your steel? 

L. F. Reinartz. — From my experience, I believe I would rather have 
a low-manganese iron for plate steel. You get a more live reaction. 

C. L. Ki^ey, Jr. — Would you anticipate that generally speaking 
you would get better physical results, we will say, in your physical labora- 
tories, with a 0.15 residual manganese as opposed to a 0.25 or 0.30? 

L. F. Reinartz. — I do not know. I have never gone as high as 0.30. 

C. L. Kinney, Jr. — I am particularly interested in the manufacture of 
plate steel, and one of our diflSculties is the production of a good surface. 
We feel that working with a high-manganese iron and with a high residual 
manganese that we have gained a great deal so far as the physical charac- 
teristics of the steel are concerned. On the other hand, we do have a 
great deal of trouble with the surface imperfections, most of which seem 
to take the form of what we call a blister or a scab. I am very certain, 
from ingots which we have split, that our blowholes are not where they 
should be. It is merely a question now of our trying to eat our cake and 
have it, too; that is, whether or not we sacrifice something in the way of a 
physical quality by going down, let us say, to a 0.10 residual manganese 
and gaining something in the way of surface. 

A. H. Woodward, Woodward, Ala. — I might answer Mr. Kinney^s 
question on residual manganese. I think Mr. Peirce attributed his 
success in rimmed steel to a high residual manganese. He brought that 
out at the meeting in Cleveland last October, and every one was interested 
in how he maintained a high residual in rimmed steel, which I hope to 
have him tell us at Chicago in April. I think he runs his residual some- 
where around 0.20 or 0.25. 

C. L. Kinney, Jr. — It is not at all diflScult to maintain a 0.20 or 0.25 
carbon, provided your slag is all right. 

V. B. Buck, New York, N. Y. — I can bear out Mr. Kinney's experience 
with surface defects with high residual manganese. We have been run- 
ning some experiments along that line both on sheet bar and on plate work, 
and there is a tendency for a much poorer surface in the plate. We do get 
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increased physical properties much easier in the physical laboratory; it 
is much easier in the physical laboratory to get by; but in the end, for the 
surface, which a great deal of our work demands, high residual manganese 
is detrimental. 

A. L. Feild, Long Island City, N. Y. — In connection with Mr. Hib- 
bard^s statement regarding hydrogen and the formation of blowholes, I 
believe that most of the conclusions regarding hydrogen have been drawn 
from gas samples taken from the gas issuing from the rimming in steel or 
from the solidifying steel. I happen to know, however, that recent 
developments in analytical methods for total oxygen and hydrogen in the 
finished steel seem to show that the more refined the method of analysis 
becomes, the lower the hydrogen content of the steel seems to be. In 
fact, it would appear that with precise methods, the average steel contains 
no hydrogen to speak of, that is, it is in the three ciphers on the right, 
probably around 0.0004 per cent. 

That raises a question. Hydrogen as every one knows, diffuses very 
rapidly through iron, in fact, you can drive it off usually from solid iron 
at a low red heat. Therefore, do the solubility relations of hydrogen and 
steel ever suffer such a sudden change as to cause the actual liberation 
of hydrogen in the form of a blowhole? It would seem that hydrogen 
should escape from liquid steel just as water does from a sieve. The 
escaping tendency is so high that it never comes out in the form of a 
bubble. I think this should be determined experimentally. 

In connection with the different types of blowholes, I expect it has 
been observed by every one who has split ingots, that the outside blow- 
holes are very bright, unless they are too near the surface and are oxidized. 
They are like silver almost, showing that the cavity must either have 
contained a reducing gas or else must have contained a neutral gas. The 
blowholes in the center of the ingot, as you know, are not very apt to be 
so bright. 

One interesting point in connection with the surface of the lenticular 
blowholes that I have observed and which probably others have observed, 
too, is that they are practically always corrugated, as though they were a 
long ellipse which had been corrugated. They are definitely scalloped at 
the borders. I have often wondered what caused the peculiar surface 
formation of those blowholes. It must be connected with their mode of 
formation during solidification. 

Professor Hibbard’s statement that ammonia is probably one of the 
gases is very interesting, but I believe that ammonia is decomposed by 
iron at a fairly low temperature, and that you would get iron nitrite or 
dissolved nitrogen and hydrogen if ammonia were present. 

L. F. Reinartz. — I would like to bear out Mr. Hibbard’s statement; 
we have smelled ammonia gas in steel. However, it was in killed steel. 
We have never experienced the ammonia in any rimming steel. 
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Another thing that I did not bring out in regard to the formation of 
those blowholes, is the fact that the formation of those on the surface 
depends largely on the action of the metal. If there is very little action 
of the metal right when you begin to solidify, you are going to have a 
considerable number of lenticular blowholes, that can be produced 
mechanically as well as by the metaJ. 

If an ingot that will rim perfectly in one mold, say at ordinary tem- 
perature, is poured into a very hot mold, it will rise some 5 or 6 in. and 
will have a tremendous lot of blowholes. In other words, the hot mould 
has prevented the rapid reduction of temperature of the skin of the ingot 
and thus has allowed a certain amount of gases to collect in the lower part. 
I believe also that the temperature has much to do with the formation of 
those blowholes in the lower part of the ingot because you never find them 
in the upper part of the ingot. We have split ingots that were rather 
squatty that did show less blowholes than the longer ingots. 

Another cause of those blowholes is a slight overdeoxidation of the 
metal. If you put just a little bit too much deoxidizer in your ladle, you 
are very apt to have a metal that will not allow the gases to be liberated 
immediately. This is due to the effect that the deoxidizer has in retard- 
ing the evolution of the gases by holding them in the solution until the 
temperature drops a little; then they are released from solution, and 
regular action, just like any other ingot follows. What happens at the 
beginning is what causes the trouble, and, as Mr. Kinney has said, 
the high residual manganese has a tendency to retard that action at the 
beginning of the evolution of the gases, and therefore, despite the fact 
that he has a cleaner steel, he has a steel which will have worse surface 
conditions because of the formation of those blowholes too close to 
the surface. 

H. D. Hibbard. — I would like to say another word. Mr Feild speaks 
about the weight of hydrogen. The weight of hydrogen to form those 
blowholes is so small that it could be detected only by volumetric analysis. 
Gravimetrically, it is zero. He objects to my saying that ammonia is in 
steel, because he thinks it ought not to be there and, therefore, it is not. 
But I know it is because I have smelled it. 

J. V. W. Reyndebs. — I would like to remark that this paper and the 
very practical points brought out in the discussions constitute a valuable 
contribution to the steel making art. Probably no subject is of greater 
interest and importance just now to open-hearth men. I wish very much 
that it were possible to devote the whole session to it. I am going to 
suggest that the discussion be placed on the agenda for the Chicago 
Open Hearth Conference because we have not had the opportunity at 
this time to bring out many of the important phases connected with 
the manufacture of rimmed steel. 
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Combustion in the Open-hearth Furnace with Special 
Reference to Automatic Control 

By K. Huessbner,* Pittsburgh, Pa. 

(New York Meeting, February, 1926) 


In presenting the following data on combustion in the open hearth 
furnace and the advisability of automatic combusion control, the author 
finds himself much more severely handicapped by the lack of reliable test 
results than he had anticipated when he first undertook to write this paper. 

In order thoroughly to investigate how the results of an open-hearth 
furnace are influenced by combustion, one would have to draw up a large 
number of heat-balance sheets, as Kinney and McDermott^ have given 
for one heat in their extremely able paper on “Open Hearth Efficiency,' 
presented before the American Iron and Steel Institute on October 27th,' 
1922. Instead of covering only one heat, however, such heat-balance 
sheets would have to embrace a large number of heats, and not only for 
one kind of fuel, but for all the various fuels in customary use. 

Use of Radiation-protected Pyrometer 

Such tests necessitate extremely careful temperature readings, and 
here the first serious difficulty presents itself. Nearly all the temperature 
readings so far published have been taken with thermocouples for the 
lower ranges and with optical or radiation pyrometers for the higher 
ranges. This method of measuring reveals the temperature of the 
surrounding walls, or in the case of optical or radiation measurements, the 
temperature of that part of the opposing walls which has been focused by 
the instrument. The error in ascertaining the temperature of the gases 
entering or the waste gases leaving the checker chambers is probably not 
very large, as the flowing gases impart their temperature to the walls of 
the flues. On the other hand, the uptakes, where the preheat tempera- 
ture of gas and air are usually measured, are under the influence of radi- 
ated heat from the port ends, and correct temperature readings can here 
be taken only by using a radiation-protected pyrometer of the 
aspirating type. 

• President, American Heat Economy Bureau, Inc. 

' C. L. Kinney, Jr., and G. R. McDermott; The Thermal Efficiency and Heat 
Balance of an Open-hearth Furnace. Iron, and Steel Inst. Year Book (1922), 464. 
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In the course of the author’s tests on a 100-ton open-hearth furnace, 
using producer gas as fuel and equipped with Steinbart automatic control, 
it became necessary to measure the temperatures obtained in preheating 
the air. An aspirating p 3 rrometer was used, as shown in Fig. 1.* The 
stack draft was utilized to pull the gases out of the checker chambers. As 
the couple of the pyrometer was completely protected against radiation, 
the temperature of the gases themselves was measured. The use of this 
type of pyrometer is strongly recommended ; or better still, the construction 
shown in Fig. 2. As a result of these measurements, the author was truly 
surprised to find that the preheating temperatures of the air, which were 
measured only in this instance, proved to be very much lower than had 
been anticipated. The average of over 100 readings extending over 
6 hr. amounted to 1360® F., the lowest average during a reversal being 
1280® F. and the highest 1450® F. It should be mentioned that these 
measurements were taken very shortly after rebuilding. 

Calculations of the Effect of Different Fuels and 
Different Amounts of Excess Air 

A careful examination of the figures obtained did not reveal anything 
to indicate that they might not be correct. The author, therefore, 
decided to calculate theoretically what preheating temperature might be 
expected from a furnace of this type. The tables given in the appendix 
give a review of how the use of different fuels with different amounts of 
excess of air will influence the results from a 100-ton open-hearth furnace 
as it is at present usually built: Hearth surface, 580 sq. ft.; air-checker 
surface, 4175 sq. ft.; gas-checker surface, 2710 sq. ft.; or a relation 
between hearth surface to checker surface of 1: 11.87. 

Assumptions Made in Calculations 

Before explaning the calculations and the conclusions drawn there- 
from, it will be necessary to show why certain assumptions had to be 
made in order to be able to set up these tables. In view of the fact that 
the temperature at which the bath in an open-hearth furnace is active, is 
between 2800® and 2850® F. and further, in view of the fact that there 
must be a temperature drop if there is to be any heat transfer from the 
gases to the bath, we . must assume that a minimum temperature of the 
gases of 3000® F. is necessary, if any work in the open-hearth furnace is to 
be done at all. The active heat in an open-hearth furnace can therefore 
only be that portion of the heat contained in the gases that carries the 
temperature l^yond 3000® F. 

As the gases must remain active until after they actually have left the 
hearth room and enter the ports, we must assume that at the point of 


* All figures and tables are given at the end of the text. 
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leaving the hearth room, these gases still have a temperature of 3000® F., 
as otherwise, the outgoing end of the bath would always remain inactive, 
which, as is very well known, is certainly not the case. In following the 
course of the waste gases through the ports, uptakes and checker cham- 
bers to the reversing valve, we find a temperature drop from 3000° to 
about 1250° F. This exit temperature of the waste gases leaving the 
checker chambers of 1250° F., has also been assumed by the author to be a 
constant for the present type of furnace. The reason for this assumption 
is that in taking careful measurements, it was found that by doubling the 
flow of gas through an open-hearth furnace, the increase in exit tempera- 
tures was never more than 75° to 100° F. Therefore, for all practical 
purposes, it can be assumed that this temperature is actually fixed for the 
present type of checker chamber. The reason for this rather strange 
uniformity of exit temperatures is, in the author’s opinion, to be foimd in 
the fact that today’s type of check chambers does not by any means favor 
a uniform distribution either on the ingoing or on the outgoing end, so 
that large portions of the chambers are evidently always inactive. It 
appears that an increase in the quantity of gases reduces the inactive 
portions, and, conversely, a decrease of such quantity results in an 
increase of inactivity. 

Accepting a fixed temperature of 3000° F. for the gases leaving the 
hearth and of 1250° F. for the gases leaving the checker chambers, we 
have a temperature drop of 1750° F. which must provide first, for the 
losses through radiation and conduction in the ports, uptakes and check- 
ers, and, second, for the preheating heat of the air and the gas entering 
the checker chambers. In our calculations we encounter here the second 
difficulty which will probably lay us open to criticism, but, as certain 
assumptions will have to be made if the study of the combustion problems 
in an open-hearth furnace is to be carried any further, we believe that the 
method in which we provide for these losses will be at least approximately 
correct. In the paper by Kinney and McDermott’ the temperature of 
the gases entering the checker chamber from the uptakes is given at 
approximately 2300° F. For the purpose of our calculation, we have 
accepted this figure as being approximately correct, and, therefore 
assume that all the losses, except the stack losses, are covered by the 
temperature drop from 3000° to 2300° F. That no serious error has been 
comitted by this assumption, is, as will be seen later, evidenced by the 
fact that the calculated possible preheating temperatures approximate 
very fairly those ascertained by actual measurement. Another assump- 
tion which we had to make in order not to complicate matters too much, 
is that complete combustion of all the gases is always obtained before 
they leave the hearth. In other words, in our calculation we do not take 


• C. L. Kinney and G. R. McDermott: Op. cit. 
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care of any losses that might be due to portions of the gases not being 
completely burned over the hearth. 

The author feels justified in assuming such complete combustion, as 
it has been found that with automatic combustion control such losses are 
almost entirely eliminated. It is, of course, a fact that to burn all the CO 
gases generated by the reactions of the bath is often impossible because 
the necessary time to complete combustion is lacking before these gases 
reach the ports. The author believes that he has almost completely 
covered this source of error by crediting the process heat with the full 
amount of combustion heat derived from these gases in the form of 
exothermic heat. What actually happens is that these gases bum in the 
checker chambers, resulting in a consequent increase of the preheat 
temperature, and after all, the bulk of the heat thus lost is subsequently 
carried back to the bath. 

As explained above, we have found that the exit temperature of any 
given checker chamber is not materially influenced by the quantity of 
waste gases passing through it. For this reason, it should be permissable 
to assume the same exit temperatures for all kinds of fuels. As a matter 
of fact, the author knows that for the 100-ton furnace under review, there 
are no worth-while differences irrespective of whether the furnace is 
operated on straight coke-oven gas, tar, oil or producer gas. 

Discussion of Tables 1 io 6 

In connection with the calculations, which are given in the Tables, it 
must be kept in mind that the sole purpose is to furnish comparatively 
correct figures. We believe that even if mistakes in our assumptions 
should have been made, these would materially change only the actual 
results obtained but not the relations between the results for the different 
fuels and for the different amounts of excess air. 

Table 1 shows the weight of the combustion air, the weight of the prod- 
ucts of combustion and the heat content of these products of combustion at 
3000® F. for different amounts of excess air from 0 to 40 per cent. These 
figures are interesting from several points of view. First of all, they show 
the tremendous weights of gases handled in the average 100-ton open- 
hearth furnace. Assuming that such a furnace makes 10 tons of steel per 
hour with a heat consumption of 6,000,000 B. t. u. latent heat, per ton of 
steel, and that the gas is completely burned with an excess of air of 30 
per cent., then the weight of the gases passing through the furnace on an 
average hour, is in excess of 60,000 lb. This will explain better than 
anything else the mechanical wear on the furnace ports and roof, 
which must eventually be worn down even if no damage by heat would 
be done to them at any time. 

The heat content at 3000° F., given in Table 1, is the amount of heat 
that is available for providing for all radiation and conduction losses in 
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the outgoing port, down-takes, checkers, and stack, the remainder being 
the amount of heat that will be carried back into the furnace as preheat of 
gas or air on the next reversal period. Table 1 shows that a temperature 
of 3000° F. cannot be obtained without preheating when using producer 
gas, whereas it is obtainable with natural gas and oil. 

Table 2 shows how the heat content in the gases with different 
amounts of excess air is reduced by a temperature drop from 3000° to 
2300° F. and from 2300° to 1250° F. As explained above, the drop from 
3000° to 2300° F. given for each gas, for instance in columns 2 and 3, is 
assumed to take care of all the losses due to radiation and conduction, at 
the outgoing end of the furnace. The differences between the heat con- 
tent in the 2300° F. columns and the 1250° F. columns, are the amounts of 
heat carried back into the furnace. This is all the heat actually available 
for preheating both gas and air. 

Table 3 tabulates these amounts, which have been obtained by 
deducting the figures in the 1250° F. columns from the figures in the 
2300° F. columns in Table 2. 

Table 4a gives the heat available in the products of combustion 
above 3000° F. resulting from the latent heat of the fuel and the heat 
absorbed by the combustion air during preheating. The figures refer to 
natural gas, coke-oven gas and oil with different amounts of excess 
air from 0 to 40 per cent., for preheat temperatures from 32° to 
2200° F, Taking into consideration the amounts of heat in the waste 
gases actually available for preheating, as given in Table 3, we find 
the values of B. t. u. available above 3000° F. as entered between the lines 
of Tables 4a, 46, and 4c and have marked same by running a line 
crosswise through the table, adding below the corresponding temperatures 
of preheat obtainable. We find that these temperatures do not materially 
vary, no matter whether the gas is burned with, or without an excess of 
air up to 40 per cent. As these possible preheat temperatures are 
still above the temperatures which we ascertained by actual measure- 
ments the conclusion is permitted that even by allowing a temperature 
drop from 3000° to 2300° F., all the losses between the port end and the 
reversing valves have not yet been properly covered. By increasing 
this allowance for losses, the possible preheat temperatures given in 
Table 4a would be reduced, but even then there would not be any 
change for the different amounts of excess air. The calculations so far 
appear to show that with coke-oven gas, natural gas and oil, when air 
alone is preheated and when the present customary type of open-hearth 
furnace is used, no higher preheat temperature than 1450° F. can reason- 
ably be expected. 

In Tables 46 and 4c, the same calculations are carried out for 
producer gas containing 150.3 and 132.5 B. t. u. (columns 6 and 6, 
Table 3.) In these two tables matters are a little complicated, as 
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both gas and air are preheated. Our temperature measurements, pre- 
viously mentioned, were taken on such a furnace and it is, therefore, 
fairly safe to assume that a preheating temperature for air of about 
1500® F. with a preheating temperature for gas of 1600® F. will usually be 
found in open-hearth furnaces of this type. If the preheating temper- 
atures for air should be higher, the preheating temperature for gas 
would be lower, or vice versa. In either case the operation of the furnace 
would not be affected as the total amount of heat carried back into the 
hearth as preheat always remains the same. 

Attention is next turned to the hearth itself to compare the amounts 
of heat which are here available for the process of making steel, and which 
at the same time provide for the unavoidable losses through radiation, 
conduction and cooling water. These amounts of heat are shown in 
Tables 4o, 46 and 4c in the figures, above the line drawn crosswise 
through these tables. Here we find for the first time how seriously an 
open-hearth furnace is affected by the excess of air with which the fuel is 
burned. Thus under the column of natural gas in Table 4a, the avail- 
able heat that stays in the bath is 611,000 B. t. u. for every million 
B. t. u. of latent heat admitted, if the gas is burned with no excess of 
air at all. This available amount drops to 349,000 B. t. u. with an excess 
of air of 40 per cent. The comparative figures for coke-oven gas are 
519,000 reduced to 369,000 B. t. u., and for oil 565,000 reduced to 413,000 
B. t. u. It is surprising to find that the two kinds of producer gas, as fuel, 
appear to be superior to natural gas and coke-oven gas and only slightly 
inferior to crude oil. 

These figures of available heat in the hearth now put us in a position to 
calculate the heat consumption per ton of steel, assuming a certain 
duration of a heat. The available heat, as has already been stated 
above, has to cover, in addition to the process heat proper, the radiation, 
conduction, and cooling water losses. As we have no reliable figures 
regarding these losses for the 100-ton open-hearth furnace under review, 
we have accepted the figure given by Kinney and McDermott. In 
accordance with the balance sheet given in their paper, the losses of an 
80-ton open-hearth furnace amounted to 88.1 million B. t. u. for a duration 
of heat of 9 hr., or 9.8 million B. t. u. per hour, which covers the radiation 
and cooling-water losses of the outgoing port. As we in the present 
instance are examining in a 100-ton furnace the heat conditions of the 
hearth only and not including the outgoing port, we have assumed that 
this figure of 9.8 million B. t. u. lost per hour will he about correct for the 
larger furnace. Even if this were not so, it would only influence 
the actual figures which we hereafter calculate, but not their relative 
sizes. With regard to the process heat, we have also accepted the Kinney 
and McDermott figure of 1,060,000 B. t. u. per gross ton of steel made. 
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If we assume that 100 tons of steel are to be produced in 12 hr., then 
the process heat required for 100 tons of steel will be 106 million B. t. u. 
The radiation, conduction, and cooling-water losses will be 12 X 9.8 mil- 
lion B. t. u., or approximately 118 million B. t. u. In other words, for 
every ton of steel produced, 2,240,000 B. t. u. must enter the bath and 
supply the radiation, conduction, and cooling-water losses. By referring 
to Table 4o, we find that for natural gas burned with no excess of air, 
the available heat in the hearth is 511,000 B. t. u. for every million B. t. u. 


of latent heat admitted, so that it will take 


2,240,000 B.t.u. 
.511 


4.4 millions 


B. t. u. latent heat in the fuel in order to make one ton of steel, provided 
that it takes 12 hr. to finish the heat. If the heat is finished in 10 instead 
of 12 hr., the process heat will still have remained 106 millions B. t. u. but 
the radiation, conduction, and cooling-water losses will be cut down to 
10 X 9.8 millions B. t. u. = 98 millions B. t. u., so that the total heat 
requirements per ton of steel would only have been 2.04 millions B. t. u. 
The same amount of 511,000 B. t. u. being available in the hearth, it will 


be possible to make one ton of steel with 


2.04 

.511 


4 millions B. t. u. 


latent heat. In exactly the same manner the required amounts of latent 
heat for excesses of air from 0 to 40 per cent, have been calculated, and for 
durations of heat of 12, 10, and 8 hr. for the five kinds of fuels (Table 5). 

Looking over these figures, we find that crude oil is approximately 
the best kind of fuel, by 10 per cent. Natural gas shows the greatest 
drop in efficiency with increased excess of air, whereas producer gas 
is about equal to coke-oven gas. It is very interesting to note how 
very little the results are influenced by the quality of the producer gas, 
but one must not forget that after all the gas with 150 B. t. u. means 
a considerably larger producer efliciency than the gas of 132 B. t. u. 
and will, therefore, reduce the pounds of coal per ton of steel. The fig- 
ures given in Table 5 for producer gas are in millions B. t. u. latent 
heat in the gas and not in the coal. The gas of 150.3 B. t. u. would 
correspond to a producer efficiency (latent heat in gas: latent heat in 
coal) of 79 per cent., and the gas of 132.5 B. t. u. to an efficiency of 72 
per cent. We have entered in brackets, under these figures of required 
latent heat in the gas, the pounds of coal of 13,500 B. t. u. per ton of 
steel at these producer efficiencies. In the same way, we have entered 
the amounts of fuel required for natural gas, coke-oven gas and oil. 

Table 6 shows the average flow of fuel per hour necessary to obtain 
the results given in Table 5, assuming that the fuel could be admitted to 
the furnace in uniform quantities every hour. Actually, of course, the 
flow during the melting period is very much larger than during the 
refining period. This table shows very clearly that to get good fuel 
economy in an open-hearth furnace, two things are absolutely essential: 
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One is to regulate combustion by keeping the excess of air as near as 
possible to isero; the other is to burn as much fuel as possible in a given 
time. A comparison of Tables 5 and 6 shows that by increasing the flow 
of natural gas from an average of 36,000 cu. ft. per hour to an average of 
44,400 per hour (always provided that all the gas is being completely 
burned before it leaves the hearth, and with no excess of air), we reduce 
the time of the heat from 12 to 8 hr. (Table 6), and the heat consumption 
from 4.4 millions to 3.6 millions B. t. u., latent heat per ton of steel (Table 
6). The need for burning increased quantities of gas per hour demands 
the installation of forced-draft fans capable of supplying enough combus- 
tion air at all times and of induced-draft fans where the available chimney 
draft is not enough to handle the increased quantities of products of 
combustion. In this latter respect, changes will usually not be neces- 
sary; if the excess of air is cut down, the amount of waste gas, even from 
larger consumption of gas, will usually not be larger. For instance. 
Table 6 shows that by cutting the excess of air down from 20 to 10 per 
cent., for a furnace using natural gas, the same rate of flow of gas will 
I’esult in reducing the duration of a heat by 2 hr. and the fuel consump- 
tion from 5150 to 4240 cu. ft. of gas per ton of steel. The same condi- 
tion holds for coke-oven gas. 

It would be hasty to conclude that fuels can be positively compared to 
each other on the strength of Tables 5 and 6, because of the difficulty of 
obtaining complete combustion. Table 5 shows that with an excess 
of air of 40 per cent, in a 12-hr. duration of heat, only 38.5 gal. of oil 
should be used per ton of steel, and with the same excess of air for an 8-hr. 
heat, this consumption would only be 31.6 gal. There are, without any 
doubt, many furnaces that will complete 100-ton heats on oil in 8 hr., but 
their fuel consumption will usually be above 36 gal. per ton of steel and 
often even considerably more. The reason, in the author’s opinion, lies 
in the diflSculty of obtaining complete combustion of the oil. It is 
extremely hard, if not impossible, to atomize the oil properly with the 
combustion arrangement as used at present. With producer gas, the 
difficulty in obtaining the results as shown in Table 5 lies probably in 
the very large quantities of gas which have to be handled, and in the fact 
that the checker chambers are quickly sooted up, so that even if enough 
air can be forced into the furnace for combustion, there is always a cer- 
tain amount of diflSculty with the draft. Besides, it should be mentioned 
here, all our figures have been based on dry producer gas, which in actual 
practice is, of course, not available. The moisture in the gas will natur- 
ally reduce the temperatures obtainable over the hearth and, therefore, 
the heat available above 3000® is in practice smaller than the figures 
shown in Tables 46 and 4c. 

The results for coke-oven gas in Table 5 have actually been obtained 
for a considerable period by the help of automatically controlled combus- 



K. HUESSENER 


1055 


tion. This fact alone would tend to show that the calculations submitted 
in this paper are, to a certain extent, borne out by facts. The author^s 
experience with natural gas is not sufficient, so far, to allow him to ven- 
ture any opinion, although there does not appear to be any reason why 
the figures calculated in Table 5 should not at least be approached. 

Operation of a Furnace with Combustion Control 

One of the purposes of combustion control is to make the furnace 
independent of the chimney effect of the checker chambers for the supply 
of air. For this purpose, an induced-draft fan is installed usually in the 
passage between the two regenerator chambers as shown in Fig. 3. The 
air is taken into the fan through an intake box carrying an orifice plate. 
The quantity of air entering the fan is thus measured by the draft set up 
in this intake box, which represents the drop from atmospheric pressure 
through the orifice. From the fan, the air is conveyed to an auxiliary 
air-reversing valve, which consists of a steel-plate box equipped with cast- 
iron mush-room valves. These latter are tied in with the operating 
mechanism of the main reversing valve, so that their reversals are 
automatic, together with the reversals of the furnace. 

Fig. 3 shows an open-hearth furnace which is equipped for coke-oven 
or natural and producer gas. If the furnace is fired with either coke-oven 
or natural gas, the quantity of gas is measured by an orifice plate in the 
main gas-supply pipe ahead of the reversing valves. For the purpose 
of having the quantity of air that enters the regenerators automatically 
follow the quantities of gas passing through the orifice plate, a Huessener 
combustion regulator is used (Fig. 5). 

This combustion regulator consists of two pairs of concentric double 
bells. As gas pressures often in excess of 5 lb. are used, the smaller 
interior bells, which receive the differential pressures from the gas-orifice 
plate, are sealed in mercury. The air pressures, which only range up to 
7 in. are taken care of by an oil seal for the larger exterior bells, which are 
piped up to the air-intake box and the atmosphere respectively. 

The principle of the regulation is as follows : If the differential pressure 
set up by the gas-orifice plate is represented by the equation (?1 — 02, 
in which Gl is the higher and G2 the lower gas pressure, and in the same 
manner, the differential pressure set up by the air-orifice plate by - 
A 2, in which Al is the higher air pressure (in this instance atmospheric) 
and A2 the lower air pressure; and if further, the ratio between gas and 
air pressure which it is desired to maintain at all times is 1 then the 
regulation would be represented by the following equation — 

Gl - (?2 = z{A\. — A2) or 
Gl + 2. A2 = Z.AI + G2 
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The action of the regulator follows this second equation. The double 
bells on one side of the beam receive the higher gas pressure and the lower 
air pressure, and the pair on the other side the higher air and the lower gas 
pressure. The ratio l:z i& being taken care of by making it the relation 
between the areas of the gas and of the air bells. 

The bells are carried by a common beam supported by a fulcrum. 
The motive power of the regulator is a compressed air cylinder, the pilot 
valve of which is geared to the above mentioned beam. The piston rod 
of the motor is connected to a butterfly valve arranged in the combustion- 
air supply main. If the gas flow to the furnace increases, the difference 
Gl — G2 becomes larger, with the result that the pair of bells that receive 
the higher gas pressure will move up, compressed air will be admitted 
through the pilot valve to one side of the piston that moves to open the 
air butterfly-valve, until the equilibrium between Gl — G2 and z X 
(A1 — A2) is restored, when the regulation stops. Assume, for instance, 
that the furnace is operated on coke-oven gas and is passing gas at the 
rate of 150,000 cu. ft. per hr. and air at the rate of 750,000 cu. ft. per 
hour, and that, the charge having been melted down, the gas has to be 
reduced to 80,000 cu. ft. per hour; then the amount of combustion air 
admitted will immediately and automatically be reduced to 400,000 cu. 
ft. per hour, thus still holding the same relation of one volume of gas to 
five volumes of air. 

If it is desired to change the character of the flame during the opera- 
tion of the furnace, the relation between gas and air can immediately be 
changed by changing the size of the air-orifice plate on the air-intake box. 
This can be done by inserting a second smaller orifice plate in a frame 
which from the operating floor can be immediately lowered over the larger 
air-orifice plate. The connection between the reversing valve and the air 
regenerators is usually made underground (Fig. 4). The portion of the 
combustion air, that is to be sent into the gas regenerators, is either sent 
to the producer gas main, not in use, if the furnace is equipped for such 
gas, or into the air-inlet openings. 

Regulation of a producer-gas furnace is difficult because hot producer 
gas cannot be reliably measured. For this reason, the regulation for 
producer-gas furnaces follows the principle that the air supplied to the 
producers is measured and that the combustion-air flow is automatically 
kept in strict relation to the producer air-flow. In order to equip for 
regulation an open hearth fired with producer gas, a blower to supply air 
to the producers must be installed. Preferably, this blower should be 
driven by a steam turbine of such size that the exhaust steam is just 
enough to supply the steam needed by the producers. Figs. 3 and 4 show 
diagrammatically such an installation for a three-producer plant. The 
producer blower is also of the single-inlet type equipped with an air- 
intake box and an orifice plate, so that the suction in the intake box, being 
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the drop from atmospheric pressure, is a measure of the rate of flow of 
primary air into the producers and, thus, of the amount of gas generated. 
The other equipment for regulation is the same as that described for 
coke-oven and natural gas, except that the type of regulator used is the 
one shown in Fig. 6. This regulator consists of two single bells carried by 
a common beam and fulcrum. One bell is connected to the air-intake box 
of the combustion-air fan and the other to the air-intake box of the pro- 
ducer fan. The two orifices carried by the two intake boxes are of such 
size that at equal suctions the desired relation between producer air and 
combustion air is automatically upheld. 

A furnace so equipped is operated by the heater on the floor, who is in 
control of the steam valve governing the supply of steam to the turbine of 
the producer air-blower. By opening and closing this valve, he will 
absolutely control the quantity of gas admitted to the furnace. This 
furnace becomes a one-valve control furnace. By admitting more steam 
to the blower, more air is sent into the producers, more gas is produced 
and sent to the furnace, and automatically the right proportion of 
additional air is admitted to the furnace by the combustion regulator 
automatically opening up the butterfly valve in the combustion-air 
supply main. 

This method of regulation is based on the assumption of a constant 
relation at all times between the amount of air needed to make a given 
quantity of gas, and the amount of air needed to burn this same quantity. 
It must, of course be admitted that this regulation can only be 100 per 
cent, correct for one given quality of gas, and that it will become more or 
less incorrect as the quality of the gas changes. It must be kept in mind 
that the gas producers will receive their air under fan pressure, and that a 
constant relation between air and steam is always maintained by watching 
the temperature of the air-steam mixture. If desired, the saturation 
temperature of the producer air can be automatically maintained constant. 
This has so far not been found necessary, as it was possible to choose a 
turbine of such steam consumption that the exhaust steam was kept in a 
very close relation to the quantity of air delivered by the fan. The 
result is a much more uniform gas than is usually obtained from producers 
that are blown with steam jet blowers. 

There is no excuse for really large changes in the quality of the gas 
from producers equipped in this manner. If the height of the fuel bed is 
carefully watched by frequent use of measuring sticks, if the producer, 
when it happens to need poking, is throttled down, for which purpose 
blast gates are supplied in the air leg to each producer; if, finally, the 
poking of the producer is generally done while the furnace is being tapped 
and charged; then there is no excuse for larger variations in the quality of 
the gas than about 10 B. t. u. per cu. ft. and then only for short periods 
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during the poking time. Such small variations will not in any serious 
way affect the correctness of the regulation. 

Generally speaking, of course, it can not be claimed that automatic 
regulation applied to existing open-hearth furnaces can ever be 100 per 
cent, perfect. Althou^ every effort is made to eliminate air infiltration 
into the checker chambers and the uptakes by suitable regenerator 
covering, such air infiltrations cannot entirely be avoided. On the other 
hand, it has been ascertained by careful measurements that between 85 
and 90 per cent, of the total combustion air is actually being regulated, 
whereas only 10 to 15 per cent, passes into the furnace as infiltrated air 
without being regulated. Although the desirability of regulating all the 
combustion air is self evident, the error in allowing 15 per cent, to pass in 
unregulated, is not very serious because the infiltrated air usually remains 
constant. By means of flue-gas analyses the regulation is set for the 
largest quantity of gas needed during melting. If the regulation is fully 
correct for this largest quantity, then, of course, as the gas supply to the 
furnace is cut down, the infiltrated air will bring about a certain small 
excess of air. In view of the fact that this cutting down of the gas to the 
furnace generally coincides with the reaction period of the bath, where 
additional quantities of air are necessary in order to burn the CO gener- 
ated by the bath, this infiltrated air often obviates the need of changing 
the orifice plate on the combustion-air intake box during the refining 
period, as is borne out by Tables 7 and 8. 

Results from Regulation 
Combustion 

The use of straight coke-oven gas on open-hearth furnaces has for a 
long time been considered inadvisable, because the flame of coke-oven 
gas has a rather low visibility, also because furnaces operated on such gas 
alone showed a distinct tendency towards foaming. The low visibility 
is not by any means a serious factor. Experience has shown that the 
helpers will soon get accustomed to the flame of straight coke-oven gas. 
Where visibility is nevertheless desired, a little tar or oil, say one or 
two gallons per ton of steel, will produce visibility without interfering 
with the regulation. 

The problem of the foaming was approached with much misgiving. 
Accordingly it was a very agreeable surprise to find no foaming 
problem with regulated combustion on furnaces fired with straight coke- 
oven gas. The explanation for the fact that no foaming took place, may 
be found in the much more uniform temperatures that are being main- 
tained in an open-hearth furnace with automatic control. This would 
tend to show that the foaming may be due to a temporary decrease in the 
temperature of the furnace, resulting in a cooling of the slag on top of the 
bath, which then, on account of its increased viscosity, will lose part of 
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its heat conductivity, with a consequent reduction of the activity of the 
bath. The heat transfer from the flame of coke-oven gas, probably 
because it contains very little free-burning carbon, does not appear to be 
strong enough to break through the foam and restore the activity of the 
bath. From experience of nearly two years, it appears to be safe to 
assume that foaming is the result of poor combustion, and that with con- 
trolled combustion, it seldom happens. In any case, the fear of foaming 
should not prevent the use of straight coke-oven gas as open-hearth fuel 
and the advantage of positive automatic control. If burners suitable 
for coke-oven gas and tar are adopted, tar can always temporarily be 
put on the furnace to break up foaming, should it occur. 

Straight coke-oven gas has proved an ideal fuel for open-hearth 
furnaces, provided its combustion is always properly controlled. Fur- 
naces have thereby been very considerably speeded up and at the same 
time cost of repair has been greatly reduced and the life of the furnace 
has been increased. 

Table 7 shows a number of combustion analyses taken during one heat 
on a furnace equipped with automatic control and using coke-oven gas. 
It very clearly shows to what extent control of combustion is possible. 
The increase in oxygen towards the end of the heat, when very much 
smaller quantities of gas are passing through the furnace, illustrates the 
effect of infiltrated unregulated air. 

Automatic regulation on a furnace fired with producer-gas improved 
the quality of the gas very much. A number of analyses taken during 
one month showed a lowest B. t. u. value of 147 and a highest of 154 
B. t. u. as against other producers not controlled with a lowest value of 
115 and a highest of 150 B. t. u. The combustion results compared favor- 
ably with those from coke-oven gas as is shown by Table 8 which gives 
some waste-gas analyses taken during one heat. As the flow of gas in 
this instance could not be ascertained, we give the various differential 
air pressures of the producer air. The variations in the quantities from 
hour to hour are not as evident as in a furnace fired with coke-oven gas, 
because when these analyses were taken the furnace was already rather 
old and could not be forced, as would have been possible with a 
new furnace. 

Table 9 proved very useful in compiling these data. 

Production and Fuel Consumption 

In order to prove the speeding up of the furnaces and the consequent 
saving of fuel, we have observed, from April to November, 1925, inclusive, 
seven 100-ton open-hearth furnaces. In three of the furnaces, Nos. 5, 6, 
and 7, combustion was controlled; No. 5 was fired with producer gas and 
Nos. 6 and 7 with straight coke-oven gas. Of the other four furnaces, 
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which were not controlled, No. 1 was fired with producer gas, Nos. 2 and 
4 with tar and coke-oven gas, and No. 3 part of the time with tar and 
coke-oven gas and part with straight producer gas. Of the three con- 
trolled furnaces. No. 5 was controlled only for three months, whereas 
Nos. 6 and 7 were continually under control. The compilation of produc- 
tion for each furnace omits all the repair months; therefore, the observa- 
tions cover 47 months of production for seven furnaces. We can then 
compare operation of producer-gas furnaces for 15 months without con- 
trol with 3 months with control, and operation for 15 months with coke- 
oven gas and tar without control with 14 months with control. The 
comparative figures are as follows: 

Furnaces Fired with Producer Gas 

(o) Without control: Production during 15 operation months 86,897 
tons, or 5,790 tons per month per furnace. 

(6) With control: Production during 3 operation months 19,874 tons, 
or 6,625 tons per month per furnace. 

Furnaces Fired with Coke-oven Gas and Tar 

(o) Mixed tar and coke-oven gas without control : Production during 
15 operation months 92,398 tons, or 6,160 tons per month per 
furnace. 

(b) Straight coke oven gas with control: Production during 14 oper- 
ation months 96,311 tons, or 6,870 tons per month per furnace. 

With regard to the last figure, it will be interesting to note that for 
the last 5 operation months, the production went up to 35,978 tons, or 
7,195 tons per month. The above figures clearly show the large increase 
in production; the controlled furnaces actually delivered an average of 
two heats per week more than the uncontrolled furnaces. 

With regard to the furnace No. 5 which has the installation controlling 
producer gas, it must be remembered that the three months of observa- 
tion were the last three months before rebuilding. Since then the furnace 
was rebuilt and was in operation again at the end of November. The 
figures for the first 18 days in December showed that the furnace made 42 
heats, producing 4,304 tons of steel with a coal consumption of 445 lbs. 
per ton of steel. At this rate of production, the furnace would make in 
December 7,250 tons of steel, which would exceed the beet figures for 
straight coke-oven gas. It will be remembered that the calculations in 
Table 6 showed that producer gas should give slightly better results than 
coke-oven gas. 

In compiling the fuel figures, we were under a rather serious handicap, 
as we could not compile the fuel consumption for all the months for which 
we had the production figures. We have, however, consumption figures 
for 11 op^ation months on producer-gas furnaces without combustion 
control and for 3 months with combustion control; also for 13 operation 
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months firing with coke-oven gas and tar without control and for 10 
months using straight coke-oven gas with control. The comparative 
figures are as follows: 

Furnaces Fired with Producer Gas 

(а) Without control: During 11 operation months 62,283 tons of steel 

were produced with a consumption of 34,200,000 lbs. of coal, 
equivalent to 660 lb., or 7.47 million B. t. u., in the coal per 
ton of steel. 

(б) With control: During 3 operation months 19,874 tons of steel were 

produced, using 10,200,000 lb. of coal, or a coal consumption of 
613 lb., or 6.93 million B. t. u., in the coal per ton of steel. 

Although the above figures showed a considerable increase in produc- 
tion, the fuel consumption was not reduced as much as one would expect, 
because the regenerators were already very old and interference of the 
preheat was serious. As has already been stated, the run on the rebuilt 
furnace shows not only a very much larger production, but also a reduc- 
tion of fuel consumption to 449 lb. of coal, or 6.11 million B. t. u., per ton 
of steel in the coal. 

Furnaces Fired with Cdke Oven Gas and Tar 

(а) Without control: During 13 operation months 79,226 tons of steel 

were made with a heat consumption of 673,830 million B. t. u. in 
gas and tar, or 7.25 million B. t. u., per ton of steel. 

(In order not to complicate the above calculations we did not separate 
the gas and the tar.) 

(б) Straight coke-oven gas with control. 

(Separate figures are given for furnaces Nos. 6 and 7 because No. 6 
was equipped with the latest type of control and therefore gave much 
better results.) 

(1) Furnace No. 6. — During 6 operation months 39,215 tons of steel 
were produced with a gas consumption of 351.0 million cu. ft., ^. e. 8,950 
cu. ft., or 4.42 million B. t. u., per ton of steel. 

(2) Furnace No. 7 : During 4 operation months 28,207 tons of steel 
were produced with a gas consumption of 293.35 million cu. ft. of coke 
oven gas, i, e., 10,370 cu. ft. of gas, or 5.12 million B. t. u., per ton of steel. 

Life of Furnace and Rebuilding Costs 

Regarding the saving in the life of the furnace, no figures so far are 
available on controlled furnaces fired with producer gas, because no 
complete set of tests has yet been made with a controlled furnace. With 
the two coke-oven gas furnaces, we have so far made only two complete 
sets of tests. The longest run was on No. 6 furnace with 409 heats, pro- 
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ducing 42,334 tons of steel. The total rebuilding cost for this furnace 
was as follows: 


Bricklayers $ 480.00 

Helpers 273.70 

heading brick 144 . 44 

General labor 1 176 . 56 

Silica clay 72.00 

Fireclay 33.00 

Brick 6359.44 $8539.14 


The cost was approximately 20c. per ton of steel. Unfortunately 
exact figures as to the cost of the intermediate repairs during the run of the 
furnace are not available, but it is estimated at not more than an addi- 
tional 20c. per ton of steel, so that the repair cost does not appear to 
exceed 40c. per ton of steel. 

The No. 5 producer-gas furnace was also rebuilt after controlled 
combustion for about one-half of the campaign. It made during the whole 
run 341 heats and produced 34,808 tons of steel. The previous run 
without control was 279 heats, producing 29,023 tons of steel. The 
rebuilding cost after the run of 341 heats were: - 


Labor $2870.82 

Store 208.75 

Brick 5082.03 

Fireclay 38.72 $8195.32 


The cost therefore amounted to approximately 28c. per ton of steel. 

Importance of Continuous Fuel Supply 

Stress should be laid on the importance of a continuous fuel supply, 
not only to speed up the operation of the furnace, but also materially to 
decrease the fuel consumption. 

When No. 7 furnace was first equipped for straight coke-oven gas with 
combustion control, the gas mains carrying the gas to the furnace were so 
small that high pressures were needed to force enough gas through them 
to the ports. In order to maintain these pressures, it was necessary to 
cut off the gas from all other furnaces, with the result that vast quantities 
of gas were bled. For about 12 days, this condition of very uniform gas 
pressure lasted. Then the small gas mains were replaced by much larger 
mains and the gas was distributed to many furnaces. This distribution 
resulted in marked irregularity of the gas pressure, because of the con- 
stantly changing demand on the gas supply. During these first 12 days, 
the gas consumption on No. 7 furnace was remarkably low, varying 
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between 6,200 and 6,500 cu. ft. of gas per ton of steel. As soon as the 
larger gas mains had been installed and the gas pressure became irregular, 
this consumption increased to about 10,000 cu. ft. of gas per ton of steel, 
where it has since been held. At the time the author was unable to find 
any explanation for this sudden change in gas consumption and, there- 
fore, came to the conclusion that the meter readings during the first 12 
days must have been wrong, although an examination by the meter 
manufacturers did not reveal anything amiss. In September, 1925, a sim- 
ilar condition was created . When No. 6 furnace was being rebuilt, the other 
furnaces were unable to take the whole of the coke-oven gas, and gas had 
to be bled. During rebuilding when the gas pressure was always at 5 lb. 
or above, 17 heats were made, producing 1,802 tons of steel and using only 
10,862,500 cu. ft. of gas, z. e. 6,028 cu. ft. of gas, or 3,134,560 B. t. u., 
per ton of steel. 

As the low gas consumption was restored as soon as the conditions that 
prevailed during the first regulation period were restored, one would 
hardly be justified in discarding the results obtained during this second 
period as due to erroneous gas readings. The explanation will probably 
lie in the fact that the heat transfer in an open-hearth furnace is over- 
whelmingly due to radiation. As the radiation increases and decreases in 
the relation of the fourth power of the differences of the absolute tempera- 
tures, and as the working range of temperatures in an open-hearth fur- 
nace, which is between 3000° and 3200° F., is so limited, it is certainly 
quite conceivable that continuous changes up and down in the tempera- 
tures obtained may have a decided influence on the rate of heat transfer 
and, therefore, on the speed and fuel consumption of the furnace. If this 
should be true, the experience related above would be an extremely strong 
argument for a gas holder in connection with every coke-oven gas-fired 
open-hearth plant. It is regrettable that the author heard of this astonish- 
ingly favorable run only after the conditions under which it was possible 
had ceased to exist, so that the necessary data to prove the possibility of 
this low fuel consumption could not be collected. Generally speaking, of 
course. Table 6 shows that low fuel consumptions of this kind are not by 
any means impossible, even with open-hearth furnaces of the present 
customary design. 


Conclusions 

The author emphasizes the necessity of a large number of exact 
heat-balance sheets under varying conditions, laying special stress on the 
need of particular care in temperature measurements. 

Preheating temperatures for the present type of checker chambers are 
naturally low and on new construction, particular care should be taken 
not only to increase the size of the checker chamber, but also to obtain 
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even distribution of outgoing and ingoing gases over all parts of the 
checker chambers. 

The results obtained from an open-hearth furnace depend on the 
amount of gas completely burned for a given period, and on as low 
an excess of air as is possible. This necessitates the installation of 
forced-draft and induced-draft fans and equipment with automatic 
combustion control. 
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Fig. 1. — Arrangement of radiation with protected pyrometers as used. 
Fig. 2. — Arrangement op radiation with protected pyrometers as 
recommended. 
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Table 9— Heat Content (Above 32“ F.) in B. t. u. of 1 Lb. of Dry Air 
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Elimination of Metalloids in the Basic Open-hearth Process 

Bt J. L. Kbatb, Wilmington, Del.,* and C. H. Hebtt, Jb., f Lackawanna, N. Y. 

(New York Meeting, February! 1926) 

In the literature on the elimination of metalloids in basic open-hearth 
practice, there are a great many heats recorded in which excellent data 
on changes in slag and metal composition during refining are given, but in 
almost all of these heats either temperature data or weights and analysis 
of charge are unrecorded and observations on the physical charac- 
teristics of the slag are almost always lacking. With these points in 
mind, a test heat was made in which as complete data as possible on all 
the factors that affect the elimination of metalloids were obtained. 

The Test Heat 

The test heat was made in a standard 100-ton stationary furnace at 
the Lackawanna Steel Co., Lackawanna, N. Y., on January 17, 1922. 

The Charge — Scrap , — The scrap consisted entirely of rail-heat butts, 
selected from a number of heats made the week before the test. The 
average analysis of the scrap was calculated from the analysis of these 
heats and from the weight of scrap from each heat. 

Pig Iron , — Two ladles of pig iron were used in the charge and two 
samples were taken from each ladle as it was poured into the furnace. 
These four samples were composited for the average pig-iron sample. 

Other Materials , — Weights of dolomite, ore and spar were obtained by 
weighing a quantity of each just before the test and weighing the amount 
of each left after the heat was completed. The limestone was weighed 
on the charging pans. Coal for recarburizing, ferromanganese, ferro- 
silicon and aluminum were weighed out as used. All these materials 
were carefully sampled before the test was begun. Coal consumption 
at the producers was obtained by getting the average capacity of the 
hoppers that fed the producers, and then counting the number of hoppers 
of coal used during the course of the heat. 

Prodxicts 

Steel , — The steel made was rolled into billets, the rolling properties 
being very satisfactory. The weight of steel was obtained by taking a 

* Research Associate, Massachusetts Institute of Technology, School of 
Chemical Engineering Practice. 

t Research Associate, Massachusetts Institute of Technology, School of Chemical 
hhigineering Practice, Bethlehem Steel Co. 
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tare weight on the ladle before tapping and then summing up the weights 
of the ingots, drainings and difference between the final and tare ladle 
weights (to obtain the weight of the skull). 


PerC«n+ Man9anc6« and Silicon 

i I i i ^ i S 

Per Cent Carbon 



^LbMMehlmNo.B£hor 


-S7,S40£J,. H^MehltffNo.4£hor 


NtrfeE 
3000 Ik OreaJJeJ/n No40oor 
4000 Lk Oreadcltc/m N»PDoor 
No^r 


NoieG 


w - ^ (9/1 

11 • ■ ' i ' 

"^600 tk Orf "FfcTin Doors 

-4Shpwis Fluorspar m No 4 Ooor 
- 1800 Lk Ore ackM/n Doors Bonel4 

OnrftbelmNo 3 Door 
- « « . . ^ . 

1500 Lb Ftrro-Manqanose mNoJDoor 

7=^ Tap 


^ a j?’ g c? 

Per Cent Photphoruft and Sul'fur 

Fig. 1 . — Variation in compositioii of metal from hot metal addition to tap. 


Slag , — The slag was collected in tared slag ladles, and was weighed 
in them. 


Temperatures 

The temperature of the slag in the furnace was taken with a Leeds 
and Northrup optical pyrometer. Temperatures were taken in all five 
doors. The temperatures found in the middle door, No. 3, are shown in 
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Fig. 18. Reversals, indicated by arrows on Fig. 1, show the gas flowing 
in the direction indicated by the arrow, i, e,, left to right or vice versa. 

Sampling of Metal and Slag 

Metal and slag samples were taken at 15-min. intervals at the three 
working doors of the furnace, starting as soon as there was enough molten 
material on the hearth to permit sampling. 

The metal samples were drawn first and poured into ordinary break- 
test molds. Within half a minute, the corresponding slag samples were 
drawn and poured on iron plates. Both metal and slag samples were 
allowed to cool and were then marked for identification. Special pre- 
cautions were taken to be sure that the samples from the three doors were 
taken simultaneously and that the time interval between samples was 
as close to 15 min. as possible. 

The furnace doors were arbitrarily numbered from left to right, door 
No. 1 being at the left end of the furnace. The samples were designated 
by the sample number followed by a dash and the door number; thus 21-3 
would be the twenty-first sample, door No. 3. 

Note A. — Metal boiled vigorously around and on the outer edge of the mounds of 
pasty semi-molten scrap. Some lime lumps floated to the surface along the front 
wall. A collection of kish^ still hung on the front bank at No. 4 door, remaining from 
the last ladle of metal which was poured in at that door. 

Note B. — A vigorous boiling action continued on the mound of scrap at No. 2 
door. 

Note C. — At this time the slag had quite an appreciable amount of lime floating 
on its entire surface. The heat had the appearance of melting high in carbon, i.p., 
the slag contained hard sharp-edged lumps of lime and the metal was dark in color. 

Note D. — Lime is boiling up over the entire bath. Several lumps of scrap still 
above the level of the bath. The furnace was being run at a low temperature and the 
lime of the slag was softening up somewhat. The fluid portion of the slag was getting 
thicker. 

Note E. — ^Lime was still boiling up in No. 3 door. Both ends were rather quiet, 
appearing as though the lime were all up in each end. The furnace and bath were 
quite cool and the slag was very viscous. The steam pressure was raised at this 
point to increase the volume of gas and thus raise the temperature, and thereby 
hasten the boiling up of the last of the lime. 

Note F. — The slag dissolved the ore at once and a vigorous action took place 
throughout the entire bath. 

Note G. — The temperature of the bath was rising; the slag was more fluid; and the 
general action of the bath more open. 

Note H. — The slag was still frothing from ore addition. 

Note I. — The lime was still boiling up at No. 3 door. The slag was of good 
consistency. 

Note J. — ^Lime boil ceased and lime was apparently all up. The slag was a little 
heavy. 

Note K. — Slag still showed the effects of the two recent ore additions. The rods 
stirred through the heat served to settle the frothing. 


^Kish is residue from molten pig iron. 
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Operation op Heat 

After tapping the previous heat the bottom was thoroughly drained 
and ^cleaned, three rabbles being used. The order of charging was 
as follows: 



8:39-8:47 26,000 limestone 

8:52-0:01 1570 lb. dobmite on front wall 

9K)6-9:20 175,000 lb. scrap 

At 11:34 the first ladle of pig iron was poured into the furnace, in No. 2 
door. The reaction of this iron with the oxides formed during melting 
was rather light whereas the reaction from the second ladle, poured at 
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12:14 a.m. in No. 4 door, was much heavier. During the period 12:21 
to 1 K)5 no samples could be taken from No. 4 door on account of a large 
amount of “kish” just inside the door. At 1:15 lime began to show up 
on the slag and by 2:05 the slag had an appreciable amount of lime float- 
ing over its entire surface. The metal at this time was boiling vigorously 



jaj 


on the mounds of scrap. At 3 :20 the slag began to thicken and the lime 
was boiling up over the entire bath. At 4:45 the slag was very viscous 
and in both ends the lime was apparently “all up.” Lime was still 
boiling in the middle door. At 5 o’clock, 3000 lb. of ore was added and 
4000 lb. at 5:10. A vigorous action took place on the addition of this 
ore, the lime began to dissolve rapidly and the slag became more fluid. 
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As more lime was dissolved, the slag thickened up somewhat and 
elimination of carbon and phosphorus practically ceased. 

The heat was sparred at 6:08 and 2600 lb. of ore was “fed” in at 6:38. 
Rapid elimination of phosphorus began as soon as the slag thinned out 



Fio. 4. — Carbon elimination during working period. 



Fig. 5. — Manganese elimination during working period. 

after the spar addition, whereas the carbon was eliminated slowly until 
the ore addition, when the rate of elimination proceeded rapidly. The 
effect of viscosity of slag on rate of elimination is very clearly shown in 
the phosphorous curve, Fig. 6. The slag was still a little heavy and more 
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spar and ore were added at 6 :58 and 7 :06 respectively. The slag was now 
frothing somewhat and two rods were stirred through the heat to settle 
the frothing. The carbon was dropping at a rate of about 0.15 per cent. 



Fig. 6 .— Phosphorous elimination during working period. 

per hour and the slag was of good consistency. At 7:52, 1500 lb. of 
ferromanganese was charged in No. 3 door. A slight foaming took 
place immediately after the addition. At 7 :55, the metal started flowing 



out of the taphole and 420 lb, of coal and 700 lb. of ferrosilicon were 
thrown into the ladle. The correct temperature of the metal could not 
be obtained because of fumes over the ladle. Two slag samples, 17244-1 
and 17244-2, were taken as the slag overflowed the ladle. At 8:06 the 
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4:30 5:00 5:30 6;00 (>'.30 T.oo T.30 6;oo 

Time 

Fio.19 . — FejOi in slag dtjring'wobking period. 
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tap was completed and the ingots were teemed from 8:08 to 8:39. The 
temperature of the metal during teeming averaged 2770°F. Two slag 
samples, 17244-3 and 17244-4, were taken from the ladle after the last 
ingot had been teemed. 



Results 

The results are shown in Table 1 and in Figs. 1 to 18. 

Table 1. — Material Charged and Produced 


Charged 

Pounds 


Products Pounds 

Dolomite 

. . 4,270 

Slag. . . 

24,500 

Limestone 

. . 26,000 

Steel. . 

248,100 

Scrap 

.... 175,000 



Hot metal 

.... 80,540 


Final Analysis of Steel 

Ore 

. . . 11,400 

C. . . 

0.372 

Spar 

716 

Mn .. 

0.608 

Ferromanganese 

1,500 

P 

0.0138 

Ferrosilicon 

700 

S 

0.0209 

Ck>al (ladle) 

420 

Si 

0.081 

Aluminum 

2 




Discussion of Results 

The greatest variation in composition during the working period is, 
as would be expected, immediately after the ore additions. The best 
illustrations of the variation are the behavior of phosphorus and man- 
ganese after the first ore addition, shown in Table 2. 
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Table 2. — Behavior of Manganese and Phosphorus after First Ore 

Addition 


Manganese. Per Cent. i Phosphorus. Per Cent. 


lime 1 

' Door 2 

1 Door 3 1 

Door 4 1 

Door 2 1 

Door 3 j 

Door 4 

4:50 

0.561 

1 0,567 i 

0.556 

0.107 

0.102 

0.107 

5:00 

3000 lb. ore in No. 4 door 




5:05 

0.536 

0.449 I 

0.384 

0.102 

0.094 

0.087 

Percentage drop 

4.5 

20.8 ! 

31.0 

4.7 

7.9 

18.7 


Equally large variations appear in the slag composition during this 
period. For this reason it is absolutely necessary, in attempting to 
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Fig. 15. — MgO in 8l.\g during working period. 


determine the rate at which the various reactions proceed, to take the 
whole bath into consideration and not to use the middle door alone for 
sampling. A great many inconsistencies in the literature may be due 
to this consideration. Other examples of variation in composition may 
be seen from the diagrams given in Figs. 1 to 16. 

After the first vigorous action of an ore addition has ceased, the bath 
begins to come to a uniform concentration as shown by sample 25. 
At the end of the heat the concentration of each metalloid and each slag 
component, with the exception of Fe 208 , is uniform over the entire 
bath. The variation in Fe208 content at this time is undoubtedly due 
to the oxidizing action of the gases relative to the slag-sampling position. 

The metal samples taken five minutes after the ferromanganese addi- 
tion showed: 

VOL. LXXIII.--69. 
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Door No. 2 
Door No. 3 
Door No. 4 


0.631 per cent. Mn 
0.623 per cent. Mn 
0 . 336 per cent. Mn 


The variations in composition were smoothed out when the metal 
ran into the ladle as shown in Fig. 17. 


Rate of Melting Scrap 

From the samples of metal and slag taken during the early lime-boil 
period, the amount of slag on the bath, and the amount of unmelted 
metal may be calculated by a silicon, manganese and phosphorus bal- 



ance. The results of this calculation in reference to the melting scrap 
are shown in Table 3. 


Table 3. — Melting Scrap Data 


Sample 

Time ! 

! 

1 1 

Pounds i 

Unmelted 
! Scrap i 

Per Cent, of 
Scrap 
Melted 

Time from 
Chargine of 
Scrap. Hours 

! Time from Last 

1 Hot Metal 
{ Added. Hours 

5 

12:51 

108,800 

38 

3.60 

0.6 

8 

1:35 

80,600 

64 

4.33 

1.33 

11 

2:20 

j 39,600 1 

77 

5.08 

2.08 

14 

3:05 

[ 21,200 

88 

6.83 

2.83 


Slag Weight during Heat 

The calculated slag weights at each sample are given in Table 4, 
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Table 4. — Tabulation of Slag Weights 


8am PLB No. 

Timb 

Pounds Slag 

5 

12:51 

2,370 

8 

1:35 

4,290 

11 

2:20 

6,360 

14 

3:05 

7,450 

17 

3:50 

7,760 

20 

4:35 

8,500 

X21 

4:50 

10,160 

22 

5.-05 

11,770 

23 

5:20 

14,230 

24 

5:34 

15,400 

25 

5:50 

18,500 

26 

6:06 

19,560 

27 

6:21 

20,600 

28 

6:36 

21,900 

29 

6:51 

25,600 

30 

7:07 

26,900 

31 

7:21 

26,800 

32 

7:35 

27,400 

33 

7:52 

28,300 

Recorded, final 


24,500 


Samples 5 to 20, inclusive, are calculated on a balance of manganese, 
phosphorus and silicon; samples 21 to 33, inclusive, are calculated on a 
manganese balance. The methods give slightly different results, there- 
fore, in calculating the erosion of the lining and the solution of the lime 
from the limestone, the time interval between samples 20 and 21 has 
been omitted. 

The difference between the calculated and recorded slag weights are 
due to unavoidable losses of slag during and after tapping, which makes 
the recorded slag weight low, and to volatilization of manganese, which 
gives a high value for the calculated weight. The true final weight, 
therefore, is somewhere between the values given in the table. For the 
purpose of obtaining various data during the heat, the calculated slag 
weight will be used. 

The rapid increase in slag weight between samples 5 and 11 is the 
result of the elimination of silicon from the metal, the erosion of the 
lining and the solution of lime into the slag. During the last half of 
the lime boil, samples 11 to 20, the increase in slag weight is small, the 
silicon having been eliminated and the slag being too heavy to act on the 
banks or dissolve the stone to any great extent. During the remainder 
of the heat the increase in slag weight between samples is fairly uniform 
except for the periods following the two ore additions, when it increases 
rapidly from the ore added, the action on the banks and the lime dis- 
solved by the slag after the additions. 
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Fig. 17. — Concentkation changes in ingots. 



Time 

Fig. 18. — Furnace temperatures. 


PerCcn+P 
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Total Sulfur in the Furnace 

Table 5 shows the total amount of sulfur found in the furnace during 
the course of the heat. 

Table 6 . — Amount of Sulfur in Furnace during Heal 


Time Pounds Sulfub 

Charged — scrap and pig 105.3 

In slag and metal at sample 5 101.8 

In slag and metal at sample 14 84.2 

In slag and metal at sample 21 77.1 

In slag and metal at sample 24 02.5 

In slag and metal at sample 26 83.7 

In slag and metal at sample 29 98.4 

In slag and metal at sample 33 100 . 0 


During the lime boil, samples 5 to 21, a large amount of sulfur left the 
bath, because (1) the steam pressure and coal rate on the producers were 
low during part of this period and a large amount of excess air was present 
over the bath, which desulfurized the bath, and (2) the gases evolved 
from the limestone, being free from sulfur, may have desulfurized 
the slag. 

After the steam pressure and coal rate were raised and the boiling 
on the lime had diminished, the bath begun to pick up sulfur and con- 
tinued to do so throughout the remainder of the heat except between 
samples 24 and 26, the drop in total sulfur in the furnace over this interval 
corresponding to a drop in steam pressure in the producers with a conse- 
quent increase in excess air in the furnace. 

Two samples were taken from the melting scrap at 10:43 and 10:51, 
respectively, to obtain the effect of sulfur in the gas on the scrap at this 
period. The first of these was a sample of molten oxide from the surface 
of the scrap, the second a “wart” of metal which had “sweated out” 
on the surface. The oxide sample showed 0.074 per cent. S, the metal 
sample 0.075 per cent. S, both samples coming from scrap which analyzed 
0.033 per cent. S. This showed that the scrap was absorbing sulfur from 
the gas, but the ratio of surface to volume of the scrap charged was so 
small that the total amount of sulfur absorbed was small.* 

Erosion of Lining 

The erosion of the lining may be readily obtained from the slag weights 
given in Table 4, and from the MgO content of the slag samples. The 
erosion of the lining depends on five factors: (1) The amount of slag in 
contact with the banks; (2) the acidity of the slag; (3) the temperature; 
(4) the viscosity of the slag; and (5) the iron oxide content of the slag. 

•Some Factors Affecting the Elimination of Sulfur in the Basic Open-hearth 
Process. Trans, (1925) 71, 512. 
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Factor 1 may be taken into account by assuming that the surface of 
contact between slag and banks is proportional to the total amount 
of slag in the furnace. 

The pounds of dolomite eroded during the course of the heat are 
tabulated in Table 6, the rate of erosion being expressed as pounds of 
lining eroded per hour per 1000 lb. of slag. The last four factors given 
above are listed with this rate of erosion. 

Table 6. — Erosion of Lining during Heat 


Time 

Lining 
Eroded per 
Hour per 
1000 Lb. 
Slag, Pounds 

iiOs in Slag. 
Per Cent. 

1 

Iron Oxidee 
in Slag, 

Per Cent. 

I Temp, of 
' Slag at 

; Middle Door 
Degrees F. 

Remarks 

12:51-1:35 

270 

37.0 ‘ 

2.8 

3000 


1:35-2:20 

124 

35.0 i 

2.6 

2800 


2:20-3:05 

61 

33.5 ; 

2.6 

2740 


3:05-4:35 

0 

31.5 ! 

4.0 

2730 

3:20 slag begin- 






ning to thicken 

4:35-4:50 


29.0 

5.2 

2815 

4:45 slag very 






viscous 

4:50-5:05 

24 

27.0 

7.7 

2850 

Ore at 5:00 

5:05-5:50 

67 

18.5 , 

20.2 

2910 

Ore at 5:10. 5:35 






slag more fluid 

5:50-6:06 

44 

19.0 

16.5 

2910 


6:06-6:21 

61 

19.0 

14.0 

2900 

6 :06 slag of good 






consistency. 
Spar at 6:09 

6:21-6:36 

47 

18.0 

13.6 

2895 

1 Spar at 6 :23 

6:36-6:51 

37 

17.0 

15.7 

2880 

1 Slag a little 



1 



' heavy at 6:36. 
Ore at 6:40 

6:51-7:07 

52 

16.0 ! 

17.7 

1 2880 

Spar at 6:58 

7:07-7:52 

27 

16.0 1 

15.6 

2880 

Ore at 7 :05 

The effect 

of all the factors can be seen from this table, the controlling 


factors being the silica content and fluidity of the slag. The erosion 
stops completely when the slag becomes very viscous and after each ore 
and spar addition, which thins out the slag, the rate of erosion increases. 
The most rapid rate is found when the slag is most weakly basic, the slag 
at the same time being very fluid. 

The total amount of lining eroded during the heat was 3240 lb. 

Solution of Lime from Limestone 

The rate at which lime is dissolved depends on the same factors which 
influence the rate of erosion of the lining except that the amount of lime 
floating on the bath must be added, because the surface of the lime 
exposed to the action of the sl(^ is a very important factor. This surface 
will decrease as the heat progresses and in comparing the beginning and 
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the end of the heat it must be taken into consideration. Ihe mathe- 
matical treatment of this factor will not be taken up in this paper. 
Table 7. — Rate of Solution of Lime from Limestone 


Time 

CsO per Hour | 
from Stone in 
to Slag per 
1000 Lb. Slag, 
Pounds 

Iron Oxides 
in Slag, 

Per Cent. 

SiOt in Slag. 
Per Cent. 

Temp, of 
Slag at 

No. 3 Door 
Degrees F. 

Remarks 

12:51-*! :35 

191.0 

2.8 

37.0 

3000 


1:35-2:20 

180.0 

2.6 

35.0 

2800 


2:20-3:05 

24 5 

2.6 

33.5 

2740 


3:05-3:50 

37.8 

3.3 

32.6 

2710 

3:20 slag begin- 






ning to thicken 

3:50-4:35 

25.1 

4.6 

30.5 

2750 


4:35-4:50 


5.2 

29.0 

2815 

4 :45 slag very 






i viscous 

4:50-5:05 

118.0 

7.7 

27.0 

2850 

i Ore at 5:00 

5:05-5:20 

60.0 

15 3 

22.0 

2910 

! Ore at 5:10; slag 






more fluid at 

1 5:35 

5:20-5:34 

265.0 

19.1 

18.7 

2930 


5:34-5:50 

234.0 

16.9 

18.5 

2920 


5:50-6:06 

321 0 

16 5 

19.0 

2910 


6:06-6:21 

59.5 

14.0 

19.0 

2900 

Spar at 6:09, 

6 :06 slag of good 
consistency 

6:21-6:36 

158.0 

13.6 

18.0 

2895 

Spar at 6:23 

6:36-6:51 

224.0 

15.7 

17.0 

2880 

6:36 slag a little 






heavy. 6:40 ore 
added 

6:51-7:07 

76.0 

17.7 

16.0 

2880 

Spar at 6:58 

7:07-7:21 

45.0 

16.8 

15.8 

2880 

Ore at 7:05 

7:21-7:35 

75.0 

15.6 

15.9 

2880 


7:35-7:52 

67.0 

14.7 

15.8 

2880 



The amount of iron oxides in the slag and the fluidity of the slag are 
the controlling factors here. The fluid siliceous slags at the beginning 
of the heat dissolve a fairly large amount of lime but not as much as is 
dissolved by the highly oxidized slags of the working period. From these 
data the amount of limestone that had not been dissolved in the slag 
at the end of the heat was 3500 lb. 

Comparison of Tapping Slag and Ladle Slag 

~INAL Slag Ladlb Slag 


P,Oi 3.66 2.82 

SiO, 15.58 23.58 

FeO 10.70 9.64 

Fe,0, 3.28 0.93 

MnO 9.74 10.14 

CaO 48.00 39.60 

MgO 6.02 5.30 

8 0.163 0.110 

Al|Oi 2.08 6.25 
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The slag in its attack on the ladle lining absorbed a considerable 
quantity of SiO* and AljOj, thus decreasing the basicity. The result of 
this decrease in basicity is rephosphorization in the metal, as shown by 
Fig. 17, accompanied by a marked drop in P2O5 in the slag; and a drop 
in sulfur in the slag which, however, does not show up in the metal. 
This may be due to the sulfur returning to the last four ingots which were 
not sampled. 

The iron oxides, particularly FejOs, were decreased in concentration, 
and the MnO was increased by oxidation of the ferromanganese added. 
The remaining slag components decrease in concentration because of 
dilution by Si02 and AI2O3 from the ladle lining. 

Efficiency of Ladle Additions 

The efficiency of the furnace and ladle additions is shown in Table 8. 


Table 8. — Efficiency of Furnace and Ladle Additions 


1 

Material Added 1 

Amount, 

Pounds 

Amount 
Obtained in 
Steel, Pounds 

Efficiency, 
Per Cent. 

Carbon from coal, ferromanganese and ferro- 


1 


silicon : 

497 

372 

75 

Manganese from ferromanganese . 

1145 

907 

79 

Silicon from ferrosil icon 

350 

205 

1 

59 


The silicon content of the steel dropped off steadily as the teeming 
progressed, showing that deoxidation of metal and slag by silicon con- 
tinued throughout this operation. Manganese and carbon remained 
practically constant. 

Conclusions 

1. Wide variations in composition of the bath from door to door 
occur after ore additions. In attempting to study rate of elimination it is 
necessary, therefore, to sample from more than one point in the furnace. 

2. The bath is of uniform composition under finishing conditions and 
a test from any door during this period will represent the entire bath. 

3. With large amounts of excess air for combustion and with a coal 
analyzing 1.18 per cent, sulfur, desulfurization of the bath takes place. 

4. There is a strong probability that the gas given off from the decom- 
position of the limestone desulfurizes the bath. 

5. The erosion of the lining of the furnace is dependent, for a given 
amoimt of slag, primarily on the silica content and fluidity of the slag. 
During the working period the fluidity and iron oxide content of the slag 
are controlling factors. The effect of temperature could not be shown 
from the data in this paper alone. 
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6. The rate of solution of lime from the limestone into the slag is 
dependent, for a given amount of slag, on the fluidity of the slag and on 
its iron oxide and silica content. 

7. One of the controlling factors in the rate of elimination of 
metalloids is the fluidity of the slag. 
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Tabulation of Steam Pressure and Coal Rate 


! 

Clock Time 

Average Pressure, Pounds per 

1 Square Inch ! 

Average Coal Rate, Pounds per 
Hour 

1 

8:30- 9:00 a.m. 

[ ; 

24.0 

1,625 

9:00- 9:30 

29.9 i 

2,500 

9:30-10:00 I 

i 36.9 I 

3,500 

10:00-10:30 

! 36.4 

4,670 

10:30-11:00 | 

36.9 

5,990 

11.00-11:30 i 

! 37.0 

6,590 

11:30-12:00 | 

1 33.0 

6,500 

12:00-12:30 p.in. | 

27.5 

6,100 

12:30- 1:00 i 

26 9 

5,480 

1 :00- 1 :30 | 

26 5 

5,130 

1:30- 2:00 1 

27.5 

5,000 

2:00- 2:30 

17.5 

I 4,790 

2:30- 3:00 

13.8 

1 4,500 

3:00- 3:30 

8.9 

; 3,850 

3:30- 4:00 

7.9 

I 2,925 

4:00- 4:30 

11.2 

2,425 

4:30- 5:00 j 

20.0 

2,300 

5:00- 5:30 

31.5 

1 3,125 

5:30- 6:00 

27.8 

4,750 

6:00- 6:30 

20.9 

5,000 

6:30- 7:00 

25.8 

4,075 

7:00- 7:30 

25.0 

3,730 

7:30- 8:00 

23.0 

3,900 

Total coal used on heat 


50,730 
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AMALTBBS of MbTAL TBB0170H0UT HBAT 


S*mple 

No. 

Time 

Per Cent. 

C 

Per Cent. 
Mn 

Per Cent. 

P 

Per Cent. 

S 

Per Cent. 

Si 

A 2-2 

12K)6P 

1.36 






2-3 

12 .-06 

2.88 


0.695 

0.180 

0.0461 

0.284 

2-4 

12. *02 

2.91 






3-2 

12:22 

3.21 1 






3-3 

12:22 

3.69 1 


1.13 

0.259 

0.0468 

0.823 

4-2 

12:36 

2.67 






4-3 

12:35 

3.15 1 


0.988 

0.216 

0.0444 


5-2 

12:51 

2.36 1 






6-3 

12:61 

2.72 1 


0.872 

0.193 

0.0433 

0.394 

6-2 

1K)6 

2.04 1 






6-3 

1.-05 

2.40 1 


0.832 

0.171 

0.0423 


7-2 

1:20 

1.75 






7-3 

1-.20 

2.20 


0.809 

0.161 

0.0416 

0.241 

7-4 

1:21 

2.42 






8-2 

1:35 

1.648 ' 






8-3 

1:35 

1.768 


0.770 

0.152 

0.0408 


8-4 

1:35 

1.941 






9-2 

1:50 

1.660 ' 






9-3 

1:60 

1.683 


0.735 

0.136 

0.0399 

0.105 

9-4 

1:60 

1.650 




! 

10-2 

2:05 

1.502 




1 

10-3 

2:05 

1.497 


0.696 

0.130 

0.0380 ! 

10-4 

2:05 

1.537 





11-2 

2:20 

1.413 


' i 

1 

i 

' 

11-3 

2:20 

1.448 

: 0.665 

0.127 

0.0364 

0.0532 

11-4 

2:20 

1 1.446 




12-2 

2:35 

1.389 


j 


12-3 

2:35 

1.407 ' 

1 0.661 

0.122 

, 

0.0353 1 

12-4 

2:35 

1.424 




13-2 

2:50 

1 1.369 ' 




13-3 

2:60 

1.372 

1 1 0.660 

0,118 

0.0343 

0.018 

13-4 

2:50 

1.368 



! 

14-2 

3K)5 

1.359 




14-3 

3K)5 

1.308 

! 0.671 

0.125 

0.0322 i 

14-4 

3:05 

1.310 

; 

j 


16-2 

3:20 

1.267 



! 

15-3 

3:20 

1.295 


0.661 

0.123 

0.0334 

0.005 

16-4 

3:20 

1.321 






16-2 

3:35 

1.266 






16-3 

3:35 

1.220 


0.639 

0.112 

0.0313 


16-4 

3:35 

1.239 






17-2 

3:60 

1.277 






17-3 

3:60 

1.299 


0.612 

1 0.123 

0.0346 


17-4 

3:50 

1.307 






18-2 

4:05 

1.218 






18-3 i 

4:05 

1.217 


0.689 

0.116 

0.0318 


18-4 

4:05 

1.221 J 
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Analyses of Metal thbooghodt Heat IConUnued) 


Sample 

Time 

Per Cent. 

Per Cent. 

Per Cent. 

Per Cent. 

Per Cent. 

No. 

C 


Mn 

P 

8 

Si 

19-2 

4:20 

1.203 1 




t 

19-3 

4:20 

1.226 


0.570 

0.108 

0.0318 i 

19-4 

4:20 

1.226 




i 

20-2 

4:35 

1.271 1 




1 

! 

20-3 

4:35 

1.227 


0.563 

0.114 

0.0329 1 

20-4 

4:35 

1.202 




1 

1 

21-2 

4:50 

1.187 

0.561 

0.107 

0.0301 1 

21-3 

4:50 

1.133 

0.567 

0.102 

0.0289 1 

21-4 

4:50 

1.165 

0.556 

0.107 

0.0295 1 

22-2 

5.-05 

1.097 

0.536 

0.102 

0.0299 j 

22-3 

5:05 

1.113 

0.449 

0.0941 

0.0297 i 

22-4 

5:05 

1.062 

0.384 

0.0870 

0.0320 ! 

23-2 

5:20 

0.949 

0.229 

0.0603 

0.0342 


23-3 

5:20 

0.898 

0.238 

0.0567 

0.0307 

Trace 

23-4 

5:20 

0.983 

0.248 

0.0558 

0.0349 

24-2 

5:34 

0.918 

0.216 

0.0480 

0.0353 

24-3 

5:34 

0.900 

0.222 

0.0475 

0.0327 ' 

24-4 

5:34 

0.936 

0.219 

0.0385 

0.0348 1 

25-2 

5:50 

0.848 

0.201 

0.0375 

0.0328 

25-3 

5:50 

. 0.881 

0.212 

0.0362 

0.0324 i 

25-4 

5:50 

0.759 

0.204 

0.0333 

0.0299 i 

26-2 

6:06 

0.654 

0.233 

0.0280 

0.0281 i 

26-3 

6:06 

0.720 

0.288 

0.0352 

0.0313 


26-4 

6:06 

0.650 

! 0.294 

0.0317 

0.0279 


27-2 

6:21 

0.651 

0.254 

0.0232 

0.0283 


27-3 

6:21 

0.669 

0.271 

0.0206 

0.0312 


27-4 

i 6:21 

0.685 

0.274 

0.0226 

0.0299 


28-2 

1 6:35 

0.674 

! 0.281 

0.0188 

0.0286 


28-3 

1 6:36 

0.652 

0.296 

0.0156 

0.0295 


28-4 

1 6:36 

0.621 

0.284 

0.0148 

0.0279 


29-2 

1 6:51 

0.454 

0.228 

0.0092 

0.0266 


29-3 

I 6:51 

0.455 

0.216 

0.0074 

0.0290 


29-4 

6:51 

0.506 

i 0.221 

0.0089 

0.0293 


30-2 

7:07 

0.365 

0.224 

0.0083 

0.0250 


30-3 

7K)7 

0.356 

0.207 

0.0071 

0.0265 


30-4 

7:07 

0.425 

0.228 

0.0082 

0.0272 


31-2 

7:21 

0.358 

! 0.231 

0.0092 

0.0260 


31-3 

7:21 

0.337 

0.240 

0.0092 

0.0242 


31-4 

7:21 

0.332 

1 0.195 

0.0107 

0.0251 


32-2 

7:35 

0.255 

0.243 

0.0094 

0.0229 


32-3 

7:35 

0.281 

0.227 

0.0096 

0.0245 


32-4 

7:35 

0.267 

0.219 

0.0076 

0.0246 


33-2 

7:52 

0.208 

0.239 

0.0095 

0.0229 


33-3 

7:52 

0.235 

0.253 

0.0104 

0.0232 


33-4 

7:52 

0.224 

0.235 

0.0088 

0.0222 


34-2 

7:57 

0.237 

0.531 1 

0.0106 

0.0208 


34-3 

7:57 

0.256 

0.623 

0.0123 

0.0208 

Trace 

34-4 

7:57 

0.201 

0.336 

0.0084 

0.0201 
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Analtbbs or Si^o tHBOoaaoTTT Hbat {Continued) 


Sample 

No. 

'Hme 

Per Cent. 

Per Cent. 
FtOi 

Per Cent. 
MnO 

Per Cent. 

PtOs 

Per Cent. 

S 

19-2 

4:20 

3.24 






19-3 

4:20 

S .77 


0.98 

15.86 

1.01 

0.0449 

19-4 

4:20 

3.62 






20-2 

4:35 

3.49 ' 






20-3 

4:35 

3.29 


1.49 

15.22 

1.11 

0.0445 

20-4 

4:35 

3.60 






21-2 

4:50 

3.92 

2.17 

15.85 

1.94 

0.0472 

21-3 

4:50 

4.35 

1.40 

15.13 

1.17 

0.0485 

21-4 

4:50 

3.40 

1.58 

15.34 

1.23 

0.0454 

22-2 

5.-05 

4.99 

2.46 

16.40 

2.49 

0.0497 

22-3 

5K)6 

10.54 

1.85 

16.62 

1.88 

0.0433 

22-4 

5:05 

8.69 

1.44 

15.54 

1.87 

0.0471 

23-2 

5:20 

19.45 

2.86 

15.96 

4.67 

0.0595 

23-3 

5:20 

11.13 

1.57 

18.66 

5.55 

0.0574 

23-4 

5:20 

23.23 

3.49 

19.97 

4.34 

0.0600 

24-2 

5*.34 

13.35 

3.12 

16.82 

5.22 

0.0518 

24-3 

5:34 

10.02 

1.35 

17.19 

5.61 

0.0568 

24-4 

5:34 

20.07 

3.58 

17.61 

3.97 

0 0566 

25-2 

5:50 

12.37 

2.37 

14.21 

4.22 

0.0578 

25-3 

5:50 

12.18 

2.24 

15.16 

4.95 

0.0540 

25-4 

5:50 

17,27 

3.66 

14.24 

4.05 

0.0507 

26-2 

6K)6 

12.20 

1.53 

14.30 

5.11 

0.0626 

26-3 



No 

sample 



204 

6:06 

8.46 

2.27 

1 11.13 

: 2.95 

0 0630 

27-2 

6:21 

9,53 

2.24 

13.30 

4 90 

1 0.0703 

27-3 

6:21 

9.30 

3.24 

12.26 

4.68 

1 0.0534 

27-4 1 

6.21 

8.99 

3.11 

10.80 

3.69 

0.0622 

28-2 

6:36 

9.39 

2.11 

11.47 

4.52 1 

1 0.0700 

2M 

6:36 

8.79 

2.16 

11.13 

4.45 

1 0 0888 

28-4 1 

6:36 

9.48 

3.15 

10.74 

3.84 

0.1267 

29-2 1 

6:51 

12.07 

2.64 

10.75 

4.22 

0.1225 

203 i 

6:51 

15.10 

3.67 

10.54 

3.90 

0.1113 

29-4; 

6:51 

15.05 

4.82 

9.69 

3.51 

1 0.1060 

30-2 1 

7:07 

12.86 

2.56 

10.19 

4.19 

1 0.1390 

30-3 1 

7:07 

14.99 1 

3.22 

9.96 

3.89 

0.1298 

30-4 

7. *07 

13.36 

3.90 

! 9.40 

3.47 

0.1268 

31 - 2 ; 

7:21 

11.26 

: 3.40 

! 10.07 

3.88 

0.1399 

31-3 

7:21 

! 11.81 

i 3.52 

10.02 

3.92 

0.1483 

31-4 

7:21 

1 14.48 

1 4.35 

1 9.50 

3.33 

0.1220 

32-2 

7:35 

11.25 

I 3.46 

1 9.63 

3.78 

0.1517 

32-3 

7:35 

11.07 

2.57 

9.70 

3.89 

0.1578 

32-4 

7:35 

12.18 

4.43 

9.30 

3.61 

0.1660 

33-2 

7:52 

11.13 

3.14 

9.17 

3.67 

0.1522 

33-3 

7:52 

11.12 

2.30 

9.13 

3.71 

0.1529 

33-4 

7:52 

11.76 

3.93 

9.03 

3.63 

0.1622 

34-2 

7:57 

9.99 

4.09 

; 9.95 

3.71 

0.1578 

34-3 

7:57 

11.10 

1 1.89 

9.93 

3.67 

0.1598 

34-4 

7:57 

1 

11.02 

3.85 

9.34 

3.59 

0.1620 
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ANAiiYBEs or Slag thboughoxtt Heat (ConiiniLed) 

8 smpl « 1 

^T*tm A 

1 Per Cent. i 

Per Cent. 1 Per Cent. Per Cent. 

No. j 

A imo 

1 SiO. j 

CftO 1 MgO AltOi 

A 1-3 ! 

11:42 A 

1 1 

j I 

2-2 



No sample 

2-3 

12:05 

\ ‘ „ ' 

1 

2-4 

12:02 

> 19.46 1 

40.60 3.65 1 2.50 

1 

3-2 



Not analyzed 

3-3 



do 

4-2 



do 

4-3 



do 

5-2 

12:51 

\ i 

! 

6-3 

12:51 

> : 37.60 

33.62 4.86 1 4.17 

1 

6-2 



Not analyzed 

6-3 



do 

7-2 



do 

7-3 



do 

7-4 



do 

8-2 

1:35 

] 

1 

8-3 

1:35 

} 35.80 

39.20 8.04 , 3.93 

8-4 

1:35 

J 

1 

9-2 



Not analyzed 

9-3 



do 

9-4 



do 

10-2 



do 

10-3 



do 

10-4 



do 

11-2 

2:20 

1 

1 : 

11-3 

2:20 

^ 33.80 

38.72 i 8.35 3.42 

11-4 

2:20 

J 

] : 

12-2 



Not analyzed 

12-3 



do 

12-4 i 



do 

13-2 : 



do 

13-3 



do 

13-4 ' 



do 

14-2 1 

j 3:05 

] 


14-3 

3 H )5 

: 33.35 

38.30 8.66 3.45 

14-4 

3:05 

] ^ 


15-2 

1 


Not analyzed 

15-3 

1 


do 

15-4 



do 

16-2 



do 

16-3 



do 

10-4 



do 

17-2 

3:50 

] i 


17-3 

3:60 

[ 1 31.95 

1 38.72 7.74 3.60 

17-4 

3:50 

J 1 


18-2 



Not analyzed 

18-8 



do 

18-4 



do 
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Analyses 

OP Slag throughout Heat (Continued) 


Sample i 
No. I 

Time | 

Per Cent. 

SiOi . 

Per Cent. 1 
CaO 1 

Per Cent. 1 
MgO 1 

Per Cent. 
Al*Oi 

19-2 



do 



19-3 



do 



19-4 



do 



20-2 

4:35 I 






20-3 

4:35 


29.51 

37.72 

7.54 

3.16 

20-4 

4:35 1 






21-2 

4:50 I 






21-3 

4:50 


28 48 

37 90 

7.28 

2.99 

21-4 

4:50 I 






22-2 

5:05 

22 50 

37 85 

6.99 

2.52 

22-3 

5:05 

25.92 

33 93 

5.98 

2 40 

22-4 

5:05 

27.00 

35.67 

6 49 

2.44 

23-2 

5:20 

18.62 

30.80 

4.35 

2 32 

23-3 

5:20 

22.30 

32 20 

5.15 

2 36 

23-4 

5:20 

15 90 

25.80 

4.03 

2 40 

24-2 

5:34 

19.58 

33 55 

4.77 

2 58 

24-3 

5:34 

21.73 

35.50 

5.12 

2.55 

24-4 

5:34 

14.41 

33 13 

4.15 

2.30 

25-2 

5:50 

19.65 

37.92 

5.60 

2 70 

25-3 

5:50 

21 00 

35 57 

5.53 

2 80 

25-4 

5:50 

15 00 

36 50 

5.89 

2 41 

26-2 

6:06 

20.47 

38.35 

5 45 

2 73 

26-3 



No sample 



26-4 1 

6:06 

17 74 

48 14 

6 13 

2 47 

27-2 i 

6:21 

19.76 

40.75 

5.81 

2 50 

27-3 : 

6:21 

I 18.82 

i 41.90 

6 10 

2 87 

27-4 

6:21 

16 56 

1 47.05 

6.24 i 

2 70 

28-2 ! 

6:36 


! 

1 

1 


28-3 

6:36 


18 20 

1 45 14 

6.07 ; 

2 34 

28-4 

6:36 



\ 



29-2 

6:51 



1 

1 

! 


29-3 

6:51 


15 70 

44 00 

i 5.36 1 

1 98 

29-4 

6:51 


! 


1 1 


30-2 

7:07 






30-3 

7:07 


15.77 

44 60 

' 5.58 

1 1.94 

30-4 

7:07 




1 


31-2 

7:21 






31-3 

7:21 


15.91 

45.65 

5.52 

2.07 

31-4 

7:21 






3?-2 

7:35 






32-3 

7:35 


15.85 

46.90 

5.78 

2.14 

32-4 

7:35 




1 


33-2 

7:52 






33-3 

7:52 


15.86 

47.65 

6.00 

2.26 

33-4 

7:52 






34-2 

7:57 






34-3 

7:57 


15 58 

48 00 

6.02 

2.08 

34-4 

7:57 j 
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Analyses of Slag throughout Heat (Continued) 


Sample 

No. 

Time 

Per Cent. 
FeO 

[ 

Per Cent. 
FejOi 

1 Per Cent. 

1 MnO 

Per Cent. 

P*Of 

Per Cent. 

S 

17244-1 

8H)4P 

9.65 

4.01 

10.25 

3.45 

0.1405 

17244-2 

sm 

9.25 

5.00 

10.27 

3.39 

0.1405 

17244-3 

8:39 

9.84 

0.60 

10.26 

2.84 

0.1045 

17244-4 

8:39 

9.44 

1.26 

10.01 

2.79 

0.1150 




Per Cent. 
SiO, 

Per Cent. 
CaO 

Per Cent. 
MgO 

Per Cent 
A1*0» 

17244-1 1 
17244-2 1 

i 

1 : 


16.55 

46.55 

5.93 

2.20 

17244-3 1 
17244-4 J 

f 1 

1 

1 


23.58 

39.60 

! 

5.30 

6.25 



Special Samples 



Sa,uple No. 

Time 

Per Cent. MnO 

Per Cent. S 

AX 1-3 

10:43 A 


1.54 

0.074 

Sample 

No. 

Per Cent. 
Time FeO 

Per Cent. 
FKtOa 

Per Cent. 
MnO 

Per Cent. Per Cent 
PiOa S 

AX 3-4 

6:11 P 11.05 

1.93 

11.19 

3.89 0.0526 

Per Cent. SiOt 

Per Cent. CaO 

Per Cent. MoO 

Per Cent. AlsOs 

16 83 

42.50 


8.13 

2.39 


Pur Cent. C 

4.14 


Raw Materials 

Pig Iron (composite sample) 

Per Cent. Mn Per Cent. P Per Cent. S 

1.37 0.362 0.059 


Per Cent. Si 

1.17. 


Per Cent. C 

0.67 


Scrap (average analysis) 


Per Cent. Mn 

0.84 


Per Cent. P Per Cent. S 

0.025 0.033 


Per Cent. Si 

0.149 


Per Cent. C 

6.44 


Per Cent. Mn 

76.4 


Ferromanganese 

Per Cent. P 

0.25 


FerrosUicon 


Per Cent. C 

0.337 


Per Cent. Si 
0.86 


Per Cent. P 

0.04 


VOL. LXXIII.— 70 
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Coal for Produeen — 1.18 Per CJent. 8 


Sample 

Stona 

Dolomite 

Ore 

Manganese oxide (MnO) 

i 

0.083 

0.014 

i 

! 

0.09 

Silica (SiOf) 

1 1.55 

0.60 

1 

5.37 

Total iron as FejOi 

! 0.47 

0.85 

1 

1 

75.31 

Alumina (AliOt) 

! 014 

0.20 


1.66 

Total sulfur (S) 

none 

none 


none 

Calcium oxide (CaO) 

1 52.35 

' 54.69 

1 not 

determined 

Magnesium oxide (MgO) 

: 1.90 

! 37.22 

not 

determined 

Phosphorus pentoxide (PiOi) 

I trace 

trace 


2.20 

Moisture 

0.38 

none 

not 

determined 

Loss on iimition less moisture 

43.24 

6.68 

not 

determined 
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Chemical Equilibrimn of Manganese, Carbon, and 
Phosphorus in the Basic Open-hearth Process 

Bt C. H. Hertt, Jr.,* Lackawanna, N. Y. 


(New York Meeting. February, 1926) 


The results of a study of the open-hearth process from the physicochemical view- 
point are given. This study includes experimentation in small laboratory furnaces 
and in standard 100-ton furnaces. The behavior of manganese, carbon and 
phosphorus are quantitatively explained. The action of “residuar' manganese is 
discussed with reference to its relation to iron oxide dissolved in the metal. The 
solubility of CO in steel and its relation to dissolved FeO and carbon is given. The 
equation for phosphorus elimination has been tested out on a 200-ton furnace and 
the results are given in the text. 

The effect of temperature and slag composition on the elimination 
of metalloids in the basic open-hearth process has been qualitatively 
understood since the early days of steel making. The quantitative effect 
has, however, only recently been brought to attention. The effect of 
slag composition has received more attention than that of temperature, 
primarily because the range of finishing temperatures in the basic open- 
hearth process is small compared to the large variations found in the 
composition of the slag at different periods during the process, and to 
the variations occurring with the use of raw materials of different degrees 
of impurity. 

The effect of slag composition on the elimination of metalloids has 
been studied by Styri^ from the thermochemical standpoint. This 
method is open to serious errors, in that thermochemical data at 2900® F. 
are very inaccurate and in many cases completely lacking. Feild* has 
calculated equilibrium constants from the rate at which the metalloids 
are eliminated. The effect of slag viscosity on rate of elimination will 
affect the constants calculated by this method. Whitely,* Colcough^ 
and others have used slag compositions as the basis for calculation of 
constants by which the extent of elimination may be calculated. 


• Research Associate, Massachusetts Institute of Technology School of Chenaical 
Engineering Practice. 

> JfU, Iron and Steel Inst. (No. 2, 1923) 189. 

• Trana- Faraday Soc. (1925) 21. 

• Cleveland Inst, of Engrs. (Deo., 1922). 

^ J nl. Iron and Steel Inst. (No. 1, 1924). 
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The otject of this paper is to present experimental data from both 
laboratory furnaces and full-scale equipment from which the equilibrium 
conditions between slag and metal and in the metal itself are determined 
for some of the reactions which occur m the basic open-hearth process. 
The application of these equilibrium conditions to the effect of tempera- 
ture and quality of raw materials charged to the furnace is shown. 

Three basic principles of physical chemistry are taken into considera- 
tion in this work: (1) the law of mass action; (2) the Van't Hoff isochore; 
and (3) the distribution law. 

The Law of Mass Action 

For any reversible reaction of the type nA + mJ5 == oC -f pD the 
law of mass action states that the rate of reaction is proportional to 
the active concentration of each component and that at equilibrium the 
rate of reaction between A and B is just balanced by the rate of reaction 
between C and D, the net result being a constant concentration of each 
of the reactants in the system under consideration. This is expressed 
mathematically as 

^ (cy (Dy 
(Ay (B)- 

Since concentration alone is involved, the quantity of material present 
need not be taken into consideration. 

The Van^t Hoff Isochore 

The Van^t Hoff isochore is the quantitative statement of the Le 
Chateleir-Braun principle which states that if a system be in equilibrium 
and one of the conditions, such as temperature, be altered, the system 
will change in such a direction as to oppose the change in temperature. 
If a reaction evolves heat, it will be favored by a low temperature, while 
if it absorbs heat it will be favored by a high temperature. The Van’t 
Hoff isochore is mathematically stated as 

dlogK ^ Q 
dl . 

where K is the mass action equilibrium constant, T the absolute tempera- 
ture, Q the heat absorbed, and R the gas constant per mol. If Q is 
assumed to be constant over the temperature range found in open-hearth 
operation, the reaction may be integrated between the temperature 
T and Ti (Ti > T), 

log. = I (f - y)’ 

and by the equation we may calculate the equilibrium constant at any 
temperature if the heat of reaction and the constant at any other tempera- 
ture are known, or from the equilibrium constants at two temperatures 
we may calculate the heat of reaction. 
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The Distribution Law 

The distribution law of Nernst* may be briefly stated as follows: 
If a substance be dissolved in two immiscible or slightly miscible liquids, 
it possesses a constant distribution coefficient at a given temperature 
when it has the same molecular weight in both solvents. 

Experimental Procedure 

The experimental work® was carried out in laboratory furnaces of 

lb. capacity and in standard 100-ton stationary open hearths. A 
carbon resistance furnace was used for the laboratory experiments, 
zirconia and magnesia crucibles were used; zirconia when no silicate or 
phosphate slag was present, magnesia when these slags were present. 
Zirconia was rapidly eroded by these slags. Electrol 3 rtic iron containing 

0.03 per cent, carbon, 0.44 per cent, oxygen, and free from sulfur, phos- 
phorus, and manganese, was used in the experimental work. The other 
materials were prepared in the laboratory or obtained in as pure a state 
as possible from commercial laboratories. 

The plant data were obtained in the furnaces of the Lackawanna 
Plant of the Bethlehem Steel Co. 

Reactions of Elimination 

The reactions to be considered are: 

1. Mn + FeO = MnO + Fe (FeO in metal) 

2. Mn + FeO = MnO + Fe (FeO in slag) 

3. xMnO + Si02 = xMnO.SiOs 

4. C + FeO = CO + Fe (FeO in metal) 

5. C + FeO = CO + Fe (FeO in slag) 

6. 2P + 8FeO = 3 Fe 0 .P ,05 + 5Fe (FeO in slag) 

7. 2P + 5FeO + 3CaO = CaO.PjO^ + 5Fe (FeO in slag) 

Neglecting temporarily the effect of temperatures, one of two factors 
or both can be found in all the reactions; namely, iron oxide and basicity 
of the slag. Before considering the separate reactions it will be necessary 
to define the concentration of iron oxide and available base in the slag. 

Iron Oxide in the Slag 

The two iron oxides FeO and Fe 203 are almost always found in basic 
open-hearth slags and the action of these two oxides has been often dis- 
cussed. The Fe208 is formed by the action of the oxidizing gases above 
the bath on the FeO in the slag: 

2FeO -f“ J^^02 = Fe203. (8) 


Pkys. Chem, (1891) 8, 110. 

• C. H. Herty, Jr.: Doctor’s Thesis, Mass. Inst. Tech.^ 1924. 
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The FetOa is carried to the slag-metal surface either by diffusion or con- 
vection and it is there either reduced to FeO by the reaction 

Fe,Oj + Fe = 3FeO, (9) 

or is reduced by carbon, partly or completely. 

Fe,0, + 3C = 3CO -|- 2Fe. (10) 

Fe,Os -h C = CO -I- 2FeO. (11) 

At the temperatures of open-hearth steel making it is highly improb- 
able that FesOs can exist in contact with iron without being reduced to 
FeO. Normal slag-sampling methods give only the upper layer of 
slag which is in contact with the furnace gases and give no insight into 
conditions at the slag-metal surface. However, the following conditions 
are always found in the slag samples during certain periods of a heat: 

1. When good agitation is taking place in the bath the ratio is 

usually low. The FejOs in a slag immediately after an ore addition is 
excluded from this statement, of course, since FegOs is added to the slag 
at that time. 

2. When a heat is “dead” either with high or low carbon the ratio 
in the slag is always high compared to that with a similar carbon 

content when the bath is working well. This condition is shown in Table 1 . 


Table 1. — Comparison of Dead Heat and Good Bath 


Heat 


S 

M 

N 

Q 


Condition 

Metal, 

Per Cent. C 

Slag, 

Per Cent. 
FeO 

Sla«, 

Per Cent. 
Fe*Oi 

Melted ‘^dead^^ 

0.11 

7.49 

9.50 

Working 

0.13 

12.56 

4.73 

Working 

0 12 

12.34 

7.13 

Working 

0.13 

8.49 

3.64 


Ratio 


FetO*/FeO 


1.27 

0.38 

0.58 

0.43 


Von Juptner^ says “A special class of oxide slags occur in iron alloys 
under certain conditions in the form of inclusions. Their characteristic 
is the deficiency of sesquioxides. This is owing to the fact they are at 
once reduced to monoxides by the excess of the metal near them.” 
The same condition should hold at the slag-metal surface. 

For the determination of equilibrium conditions at the slag-metal 
surface, therefore, it will be assumed that the FeiOj^found in slags is 
reduced by iron to FeO by equation (9), one molecule of FejOs 3 delding 


' Jn{. Iron and Steel Inst. (No. 2, 1900). 
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three molecules of FeO. Thus s slag contaming 10 per cent. FeO and 
5 per cent. FeiOi would be considered as containing 

Furthermore, all the FeO in the slag will be considered as available for 
reaction with the metalloids. 


Available Base in the Slag 


The actual concentration of the lime cannot be taken, as some of it is 
already in use in the neutralization of the P2O5 and Si02 in the slag, and 
since the actual compounds formed in the slag are not known, resort must 
be made to some empirical formula for ^‘free lime'' or '^available base." 

Whitely® has calculated the ''basicity index" of a number of slags 


by the formula: 

Basicity index = 


Total mols base s — 3 X mo ls P20i 
Mols 8162 


Richarme® calculated the "acidity" of the slag for one heat by a more 
complicated method and Wilson^® and others have used the "acid" or 
"basic" oxygen as a standard for slags. 

The compounds formed in slags are exceedingly complicated and com- 
paratively little is known of their actual composition. Open-hearth slags 
are generally considered silicate slags containing dissolved phosphates and 
sulfides, the silicates being binary, ternary, or possibly compounds of 
even higher types. These silicates may be of almost any composition, 
as lime and silica, for instance, combine in any proportions, and as ter- 
nary compounds of the components in slags are commonly known. The 
slag, therefore, may have all its components combined and yet be either 
acid or basic, depending on the relative amounts of the components. 

Experience has shown that if two compounds are considered, the first 
containing more base per unit of acid than the second, the activity or 
escaping tendency of the first (as defined by G, N. Lewis“) as a basic 
component will be the greater. The basicity of a slag, therefore, may be 
expressed as the excess base above that required to satisfy the acids, the 
basis of the acid-base compounds being those which appear to be the 
most neutral in their character. The expression for "available lime" 
'^basicity index" or whatever name may be given should be a concentra- 
tion term, because its concentration affects the equilibrium. 

We will assume, for the purpose of calculating the "available lime," 
that the neutral compounds in the slag are 3Ca0.P206, Ca0.Si02, 
Mg0.Si02, 2Fe0.Si02, 3Mn0.Si02. The AUOs and Fe203 are considered 


* Op. di, 

» Rev. Metal, Mem. (1910) 993. 

Jnl. Iron and Steel Inst. (No. 1, 1920), 265. 

Lewis and Randall: ** Applied Thennodjmamics,” 176. 
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as neutral and, with the sulfur, are usually small enough to be neglected. 
FeO and MnO are considered less basic than lime, MnO being the weaker. 
Because of lack of data concerning the basicity of these oxides relative to 
lime, they are arbitrarily given the values of 2 and 3. 

Von Juptner^* says, *‘It may at once be admitted that the silica shows 
greater combining power for lime than for ferrous oxide, manganese oxide, 
alumina, etc., but in accordance with the law of masses, it is certain that 
in the presence of all these bases, silica must be combined not only with 
the lime but with all these bases, in accordance on one hand with the 
relative degrees of affinity and on the other with the mass ratios.’^ 

The available base will be expressed as 'mols available base per 100-wt. 
units of slag,’' and will be designated in the text as A. B. A calculation 
of available base is given in Table 2. 

To obtain the number of mols of each component in the slag the per- 
centage of each component is divided by its molecular weight. From the 
mols of each component and from the compounds listed above, the 
available base is calculated as shown in Table 2. 


Table 2. — Calculation of Available Base 


Basis: 100-wt. Units of Slag 

Weight Per Cent. Mol. Weight « Mols. per 100-wt. Units 


SubstaDoes 

Weight, 

Per Cent. 

Mol. Weight 

Mols Mr 100- 
wt. Units 

SiO, 

21.86 

60.3 

0.363 

P«0, 

3.21 

142.2 

0.023 

FeO 

13.37 

71.8 

0.186 

MnO 

6.25 

70.9 

0.088 

CaO 

43.97 : 

56.0 

0.784 

MgO 

1 7.44 1 

40.3 

0.184 


Bases 


CaO 

MgO 

FeO 

2 

M^ 

3 


0.784 

0.184 

= 0.093 
« 0.027 


Acids 

SiOi =0.363 
P 2 O* X 3 = 0.069 


Total acids 0 . 432 


Total bases 1.088 

Total bases — total acids = 1.088 — 0.432 = 0.656 mol available base per 100- 
wt. units of slag. 

Equilibrium Conditions 

In order that the slag and metal may be in equilibrium with regard to 
any metalloid, it is necessary (1) that the composition of the metal and 
slag be constant with respect to the metalloid in question or any of the 
constituents which affect its elimination; (2) that the slag be sufficiently 


“Von Juptner: Op. cU. 
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fluid and that there be enough action on the bath to ensure against a 
false equilibrium. This condition of false equilibrium is often reached 
if the slag becomes so viscous that interaction between slag and metal is 
completely stopped. When the slag ‘‘opens up” after such a condition, 
the metalloids will either be eUminated from the metal or will return to it, 
depending on the composition of the slag. A typical example of false 
equilibrium is found in the condition at the end of the lime boil in heat 
B, shown in Table 3. 


Table 3. — Typical Example of False Equilibrium 


Time 

Per Cent. C 

Per Cent. FeO 
in Slag 

Per Cent. FetOa 
in Slag 

Condition of slag 

4.-00 

1.40 

4.31 

0.59 

thin 

4:30 

1.13 

3.09 

0.28 

thin 

5.-00 

1.07 

3.17 

0.12 

thin 

5:30 

1.04 

3.45 

0.94 

very heavy slag 

5:40 

800 lb. spar added 


6:02 

0.83 i 

4.75 

1.27 

slag thin 

6:23 

0.73 1 

4.92 

1.17 

slag thickening 


As the slag thickens, the reaction practically stops in spite of an increase 
in iron oxide in the slag, and as soon as the slag is thinned out, the elimina- 
tion of carbon proceeds very rapidly. In all the experimental work the 
question of false equilibrium has been very carefully held in mind. In 
attempting to check the experimental results by data from other sources, 
the absence of data on slag conditions often causes apparent inconsist- 
encies in the results. 

Nomenclature 

All slag concentrations except when otherwise stated are expressed in 
“mols per 100-wt. units.” This is obtained by dividing the weight per 
cent, of any constituent by its molecular weight. 

All metal concentrations are expressed as per cent, by weight. This 
simplifies the visualization of the final results and the application of these 
results. The change from weight per cent, to mol per cent, changes the 
constants for any reaction by a constant ratio. 

The constants for the different metalloids are expressed as follows: 
Carbon, Kc] manganese, Kun j phosphorus, Kp, 

Heat A has been given twice the weight of any other heat in 
calculating the constants, on account of the precision of sampling on 
this heat. 

Manganese 

The reactions by which manganese is eliminated are : 

(1) Mn + FeO = MnO + Fe -f heat. (FeO and MnO in metal.) 

(2) Mn + FeO == MnO + Fe + heat. (FeO and MnO in slag.) 
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The equilibrium constants for these reactions are: 

(MnO)inet»l 


( 1 ) 

( 2 ) 


(Mn) (FeO)meui 

IT/ _ (MnO)Biag 
A !#» — 


it 

(f 


(Mn) (FeO)sia* 

The Fe on the right hand side of the equations is neglected, since it is 
the solvent. Equation (C) enables us to determine the equilibrium 
conditions in the metal if the concentrations of MnO and FeO in the metal 
are assumed, in accordance with the distribution law, to be proportional 
to the concentrations of MnO and FeO in the slag. Equation ( 3 ) 
involves the dissociated acids in the slag and will be considered later. 

Since there are no data on the solubility of MnO in the metal, except 
that it is very sparingly soluble, it will be assumed, as above, that its 
concentration is proportional to the concentration of MnO in the slag, 
and since its solubility is small we may neglect it in computing the 
manganese concentration in the metal. Furthermore, since the amount 
of manganese sulfide is probably smaller than the amount of iron sulfide, 
in the furnace^ the manganese in combination with sulfur may be 
neglected. Investigational work on this point is being carried out. 

By these two assumptions we may use the total manganese in the 
metal in the equilibrium constants for the reactions given above. 

Other conditions being equal, the more basic a slag, the more manga- 
nese there will be found in the metal, since the CaO will displace MnO 
from its combination with silica and P2O6. Furthermore, since the reac- 
tions are exothermic, the higher the temperature the further the reaction 
will go to the left and the greater will be the amount of manganese in the 
metal. An increase in either basicity or temperature will therefore lower 
the numerical value of K. The effect of varying ratios of Si 02 to P2O6 
in the slag will also affect the numerical value of iC if either one is more 
easily reducible by iron than the other. 

Neglecting temporarily the effect of ratio of silica to P2O6 in the 
slag the constant K^Mn may be expressed as follows. For a given tempera- 
ture and a given basicity of slag, the manganese in the metal will be 
constant when the MnO and the FeO in the slag are constant. If either 
temperature or basicity change, the amount of manganese in the metal 
will change according to the degree in which these factors affect the 
numerical value of the constant. 


Laboratory Experiments 

In the experimental work in the laboratory furnaces electrolyiiic iron 
was melted in zirconia crucibles and a known amount of Mn02 added to 
the iron. After the metal and slag, which was composed of FeO and MnO 
only, had been molten for about hr., the metal was cast into small test 
pieces. It was impossible to obtain samples of the slag on account of the 
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small amount present, and its composition has been calculated from the 
amount of materials charged and the analysis of the iron. The results 
are shown in Table 4. 

The high amounts of FeO found in the metal suggest that the recorded 
temperatures are somewhat low. The three runs were all made within 
an hour of each other in the same furnace and it is probable that the 
temperature 2840 is closest to the true temperature, the others being 
somewhat lower but not as low as is shown in Table 4. The constant 
K^Mn for these three runs is, respectively, 3.5, 5.4 and 7.5, where MnO 
and FeO are expressed as mols per 100-wt. units and Mn is expressed 
as weight per cent. 

Table 4 . — Composition of Slag 


Metal I Slag (Calc.) 


Run No. 

Per Cent. Mn 

Per Cent. FeO 

Per Cent. MnO 

1 

Per Cent. FeO I 

lemp., 
Degrees F. 

1 

0 019 

1.51 

6.2 ! 

93.8 i 

2840 

2 

0.046 

1.66 

1 19.6 

80.4 

2695 

3 

0.053 

! 1.31 

28 5 ' 

71 5 ; 

2670 


It has been shown that rising temperature should cause the reaction to 
go to the left and the constant to decrease, as is the case in the experimen- 
tal runs. The quantitative effect of temperature can scarcely be shown 
here, because of the doubtful accuracy of the temperatures recorded. 

Plant Study 

In comparing results obtained in full-scale furnaces (100 tons) with 
the experimental work, it must be remembered that in addition to the 
reaction of iron oxide with manganese there is the secondary reaction of 
the manganese oxide combining with the acid components of the slag. 
In Table 5 the basicity of the slag, as calculated previously, is listed with 
the constant calculated for the fundamental reaction of elimination. 


Table 5. — Equilibrium under Finishing Conditions 


Heat 1 

Sample | 

! 

Temp., Degrees F. j 

Available Base 

c 

19 

3.09 

2840 

0,684 

p 


2.90 

2895 

0.737 

K 

1 

2.80 

2915 

0.786 

Q 

1 

t 2.57 

2905 

0.779 


33 i 

i 2.48 

2895 

0.770 

M 


2.36 

2885 

0.815 

L 


2.20 

2890 

0.791 

J 


2.16 

2905 

0.945 

8 


2.15 

2925 

0.752 

n 


2.06 

2880 

0.903 

N 


1.91 

2885 

0.852 

G 

1 

1.59 

3010 

0..681 

H 

1 

1.36 

3040 

1 

0.770 


» Keats and Herty; Elimination of Metalloids in the Basic Open-hearth Process. 
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These results have been obtained after due consideration of 
equilibri m conditions as specified earlier in the paper. The constant 

K = ~ concentrations expressed as already shown. 

The effect of temperature is very evident from these results. Further- 
more, with the exception of heats G and H, the constant Kun decreases 
with increasing basicity. However, both factors vary simultaneously 
and it is difficult to show the exact relationship between them. These 



Fig. 1. — Effect of temperature on manganese equilibrium. 

data, combined with data from the “lime boil” period will show the 
effect of both basicity and temperature. Neglecting temporarily the 

effect of available base, K'un may be plotted against to show the 

effect of temperature. This is shown in Fig. 1, the average available 

base being 0.783. The variation in the group of points at ^ 29.70 to 

30.00 is due to normal variation in temperature between slag and metal 
and to the variation in the basicity of the slags. 
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Equilibrium during the ^^Lime BoiV* 

In considering equilibrium during the early stages of the process 
two types of charges must be considered: (1) Those in which no ore is 
added with the scrap and which are not heavily oxidized during melting; 
(2) Those in which ore is added or in which the scrap is so heavily oxi- 
dized that a large percentage of iron oxide is found in the slag formed after 
the addition of the hot metal. The amount of iron oxide in the slag 
during this early period will be dependent upon: 

1. Amount of ore charged. 

2. Type of scrap charged. 

3. Composition of iron charged. 

4. Length of time taken for melting. 

5. Temperature during melting period. 

On account of these five factors, the iron oxide content of the first 
slags formed, and of the slags during the lime boil, will vary tremendously 

During the lime boil the metal and slag are almost always in equilib- 
rium, due to the intimate mixing resulting from the boil. The results 
shown in Table 6 have been obtained for this period. 


Table 6. — Results During the Lime Boil 


Heat No. 

Sample No. 

Mn 

Tem^rature of Slag 
Degrees F. 

Available Base 

B 

8 

9.75 

2700 

0.440 

E 

2 

8.40 

cold 

0.382 

A ! 

8-16 

5.70 

2775 

0.415 

F 

4 

5.30 


0.498 

C 

9 

4.88 

2830 

0.430 

D 

10 

4.35 

2850 

0.539 


The effect of temperature is again very clearly shown in this table. 
If log K^Mn plotted against ^ (Fig. 1) a straight line results. This is 

{permissible since the basicity of the slags on these heats varies but little, 
averaging 0.456. 

The numerical value of being much higher for this period than 
for finishing conditions means that for a given iron oxide content of the 
slag, manganese will have been much more completely eliminated at this 
time. This large elimination of manganese is always true when ore is 
charged with the scrap, the low temperature, low basicity and high iron 
oxide content of the slag all favoring the elimination of manganese. 
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Effect of Temperature 


From the data on Fig. 1 the heat of the reaction may be calculated. 
The integrated form of the Van’t Hofif isochore is: 


Let us take the temperature range 2900® to 3000® F. to find the heat of 
the reaction Mn + FeO = MnO + Fe. The value found will be 
applicable over the entire temperature range studied. 

For comparison with other data the heat of the reaction will be cal- 
culated in Centigrade units, i. e., gram calories per gram mol. The tem- 
peratures therefore must be expressed as degrees Centigrade absolute. 


Data: R = 1.99 calories 

Ti = 2900® F. = 1867® C. absolute. 
Ti = 3000® F. = 1923® C. absolute. 
K'mu. = 2.39 
K'un, = 1.57 


Substituting in equation A, Q = 63,800 gm. cal. per gm. mol, which 
means that the reaction evolves 53,800 gm. cal. per gm. mol over the 
temperature range 2600° to 3050® F. (1485® to 1675® C.), the range 
covered by the experimental work. 

The heat of reaction, calculated from heats of formation at room tem- 
perature,** is 25,200 gm. cal. per gm. mol. Since both MnO and FeO are 
dissolved in the metal in proportion to their respective concentrations in 
the slag, the discrepancy between the values 53,800 and 25,200 must be 
in the relative change in solubility of the two oxides with increasing tem- 
perature. If, as in the calculation above, 2900® F. be taken as a basis 
and the constant K'um be calculated from the heat of reaction at room 
temperature, we obtain the value 1.97 against 1.67 observed. That is, if 
both oxides changed solubility at the same rate with increasing tem- 
perature we would expect K'unt to be 1.97, whereas we actually get 
1.57, which means that FeO increases in solubility with rising tempera- 


ture faster than MnO by the ratio 


L97 

1.57 


= 1.25. 


Furthermore, since the manganese content of the metal depends on 
the concentration of MnO and FeO in the slag and in the metal it follows 
that the amount of iron oxide in the metal does not depend on the man- 
ganese in the bath, but is controlled by both manganese and MnO con- 
tent, since the ratio must be constant for a given temperature. 


Since the concentration of MnO in the metal depends on the concentra- 
tion of MnO in the slag, it is possible to have the same concentration of 
FeO in the metal with 0.10 per cent. Mn as with 0.40 per cent. Mn, pro- 


** Richards: “Metallurgical Calculations,’' 18 . 
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vided only that the concentration of MnO in the slag is four times as 
high in the second case as in the first. 

Residual manganese does not, therefore, serve as a protector’* 
against oxidation of the metal. High residual manganese may denote 
a bath low in iron oxide, but the low iron oxide in the bath is the agent 
for, and not the result of, high residual manganese. 

The beneficial results of high manganese charges are: 

1. Increased fluidity of the slag, enabling a more basic slag to be 
carried than with low manganese, and increasing the speed of working. 

2. Increased ratio of MnS to FeS in the metal, giving the final addition 
of manganese a better chance to ‘'clean up*’ more FeS than would be the 
case with low manganese. 

3. Lower amounts of manganese necessary in the final additions than 
with low manganese. 

Effect of Basicity of the Slag 

The equilibrium constant for the third reaction by which manganese 
is eliminated is: 

^ (Mn0.Si02) 

(Mn0)(Si02) 

This involves three unknown quantities and, therefore, cannot be evalu- 
ated. We may, however, determine the effect of free or dissociated Si02 
in the slag by assuming it to be inversely proportional to the available 
base in the slag and determining the effect of available base on 
the constant, 

^ (MnO)8iag 
(Mn)(FeOUg 

The lines drawn through the experimental points for finishing condi- 
tions and for the lime boil (Fig. 1) are practically parallel and from them 
the effect of basicity onjbhe equilibrium may be shown. The expression 
K'^Mn = KuniA. B.)^ will give the effect of available base if n is known. 
This equation may be written as log K'^Mn == log KmJ + n log {A. B,) and 
if log K^Mn be plotted against log {A, B,), we may obtain n by finding the 
slope of the line. From such a plot we obtain n = 0.65 whence K'^un = 
K'jin {A, for any given temperature. If log X'Vn be plotted 

against f o we may obtain the effect of both temperature and 

basicity in one equation. This is shown in Fig. 2. The equation of this 

line is log = [(^ X 10') - 28.26] This plot correlates all 

the variables with which we have dealt in the elimination of manganese 
in the basic open-hearth process, namely, manganese in the metal, FeO in 
the slag, MnO in the slag, basicity of the slag and temperature, and 
enables one to calculate very closely the amount of manganese that will 
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be present in the metal if the composition of the slag and the temperature 
be known. . 

Up to the time of tapping it is impossible to determine the metal 
temperature by p3T'ometric methods. The metal is almost always at a 
lower temperature than the upper layers of the slag, the exception being 
when the slag has been allowed to cool off by reducing the amount of fuel. 
By the use of the equation given above, the temperature of the slag-metal 
interface may be calculated if the slag composition and the manganese 
content of the metal are known. This calculated temperature will lie 



Fio. 2.— EIffect ofTempebatubb and Basicitt of Slag on Manganese Equilibbium. 

used in the sections on carbon and phosphorus, as it is much more accu- 
rate than a temperature at the top of the slag, obtained by an 
optical pyrometer. 

Effect of Large Amounts of PjO* in the Slag 
In all of the heats studied the ratio of SiOj to P2O1 has been high. If 
we express this ratio as moig gj ' Q, mots P^Ot ^ which is the silica 
expressed as per cent, of the total acids present, the average ratio for all 



C. H. HERTY, JR. 


1121 


the heats studied is about 96 per cent. In these slags most of the com- 
bined MnO must exist as manganese silicate. Recalculations of data 
from European practice show that when this ratio is small, the equilibrium 
constant for manganese is much smaller than in the heats recorded in this 
paper. Typical examples are shown in Table 7. 


Table 7. — Recalculations of Data 
Tapping Temperatures 


Source of Data 


SiOf as Per Cent, 
of Total Mols of 
Acid 

This paper 

2.20 

95 

Peterson® 

1.60 

86 

Peterson® 

1.24 

i 75 

Barberot® 

1.23 

^ 68 

Colcough® 

1.47 

! 68 

Colcough® 

1.67 

64 

Colcough® 

1.48 

64 

Low Temperatures 
This paper 

4.0 to 5.0 

1 

93 

Colcough® 

2.39 

1 80 

Colcough* 

! 1.67 

1 65 

CJolcough® 

1.20 

i 55 

Very Low Temperatures 

Peterson® 

1.55 

54 

Peterson® 

i 2.12 

' 50 

Peterson* 

1 2.29 

1 46 


« Rev, Metal Mem. (1910) 198. 

* Fabrication de I’Acier.^^ 

^ Jnl Iron and Steel Inst. (No. 1, 1924). 


The absence of temperature data on these heats makes it impossible to 
determine quantitatively the effect of increasing amounts of P 2 OB in the 
slag. That this effect is large as the P 2 O 6 in the slag becomes high is very 
evident from the data given above. This leads to the conclusion that 
manganese phosphate is much more easily reducible by iron than manga- 
nese silicate and that, other conditions being equal, the higher the P 2 O 6 in 
the slag the more residual manganese the metal will contain. 

The constant K' K'un {A. and its variation with tempera- 

ture, as shown in Fig. 3, enables us to calculate very closely the amount 
of manganese that will be present in the metal under any conditions 
except where large amounts of P 2 O 6 are contained in the slag. When the 
P 2 OB content does not exceed about 5 per cent., the constant contained in 
this paper will hold for any basic slag and for any temperature up to 
3100® F. The amount of manganese in the charge to give any desired 
residual manganese may also be calculated. 

VOL. LXXUI.— 71 . 
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Example 1 . — Calculation of Residual Manganese 

Assumed data — Charge 250,000 lb. averaging 1.00 per cent. Mn 

Products 25,000 lb. slag containing 

10 per cent. FeO I „ „ 

^ ^ = 0.196 mols FeO 


3 per cent. Fe208 J 

A. B. 

0.800 mols A f 1 

100 -wt. unit of slag 

240,000 lb. steel. 

Tapping temperature = 2900° F. (nr - — X 10* = 29.8o} 


abs* 

K 'Mn at 2900° F. = 2.05 = K'un {A.B.) «“ 


= 


2.05 


2.05 


= 2.37 = 


(mols MnO) 


(per cent. Mn) (mols FeO) 


(0.800) “■•* 0.865 

expressing mols JqO^^ units ^ cent. Mn 
mob M «0 - 

we have _ 2.37 x 54.9 X 0.196 - 25.5 

per cent. Mnmetfti 

The total pounds of manganese are 250,000 X 0.01 = 2500 
Let X = pounds manganese in the metal 
2500 — X = pounds manganese in the slag 

100 (2500 - a:) 

25,000 


100 X 


= 25.5 


240,000 

whence x = 682 lb. Mn in the metal = 0.28 per cent. Mn. 

2500 — X = 1818 lb. Mn in the slag = 7.25 per cent. Mn 
Note: This calculation does not take into account volatilization of 
manganese, which will amount to approximately 5 per cent, of the 
manganese charged. 

Carbon 


Reactions (4) C + FeO = CO + Fe — cal. (FeO in metal) 

(5) C + FeO = CO + Fe — cal. (FeO in slag) 

Since these reactions are endothermic, increasing temperature will 
drive them to the right, more carbon being removed for a given FeO 
content of the slag at a high temperature than at a low one. If the 
solubility of CO changes with temperature, this will throw the reaction 
either to the right or the left, depending on the change in solubility. 

The true equilibrium constant for the reaction is; 

Kc = 



C. H. HERTY, JR. 


1123 


For any given temperature, (CO) being constant, K'c = (®) 

where iiC'c = 

Since the quantitative relationship between solubility of CO and 
temperature is not known, it will be necessary to incorporate the term 
(CO) in the constant K^c- The Van^t Hoff isochore does not apply to 
this constant, since we are calculating an empirical, rather than true, 
equilibrium constant. 

Laboratory Experiments 


Experiments on the reaction in the metal phase have given the 
following results: 

1. Solubility of CO at 2700®-2800° F. = 0.018 per cent, by weight^^ 

2. The constant Kc = 0.36 at 2700° to 2800° F. 
when all concentrations are expressed as weight per cent. 

Combining the two results, we obtain: 

= 20 at 2700° to 2800° F. 

(,Cj (.feU) 

From this constant the amount of dissolved FeO corresponding to any 
carbon content may be calculated for the temperature range given above. 

Determinations of the solubility of FeO in pure iron have given 
averages of 1.22 per cent, and 0.97 per cent, at 2700° to 2750° F. on two 
separate investigations. In the experimental work it was certain that the 
first determinations were made at a slightly higher temperature than the 
second, the crucibles in the second series being very often heavily skulled, 
whereas this took place only rarely in the first series. It is therefore due 
to the higher temperature that the solubility in the first series is higher 
than that obtained in the second. 

Using the value 0.97 per cent., iron at 2700° to 2800° F. may contain 
0.052 per cent, carbon when saturated with FeO. As the temperature 
rises, the numerical value of the constant K'c will increase due to the 
endothermicity of the reaction, and the amount of carbon in equilibrium 
with iron saturated with iron oxide will decrease. 


Plant Data 

In the experimental work on large furnaces, determinations of the 
oxygen content of the metal have not been made. However, this content 
must be proportional to the iron oxide content of the slag if equilibrium 
between slag and metal is reached. The proportionality constant, or 
distribution ratio, of iron oxide between slag and metal must be equal, 
for the same temperature, to the ratio found in the laboratory furnace 


B. Cobb: Master’s Thesis, Mass. Inst. Tech., 1923. 
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where the slag was composed entirely of iron oxide. The results given 
in Table 8 have been obtained where equilibrium has been established 
between slag and metal. 



Fig. 3. — Effect of temperature on carbon equilibrium. 

These results are shown graphically in Fig. 3, X'c being plotted 
against temperature. More data are needed before the exact curvature of 
this line can be established. Unfortunately we have no means of cor- 


Table 8. — Results When Slag and Metal are in Equilibrium 


Heat 

Sample 

Condition of Heat 

K'c 

Temp.,* 
Degrees F. 

A 

8-16 

Lime Boil 

16.7 

2790 

B 

8 

Lime Boil 

20 2 

2665 

B 

17 

Working. Before small hot 
metal addition 

44.0 

2920 

M 


Finishing 

50.3 

2900 

G 


Finishing 

65.6 

3025 


* Temperature calculated from manganese constant, K'^un* 


recting for the solubility of CO, as we have in the case of manganese, 
where the concentration of MnO in the metal is proportional to the 
concentration of MnO in the slag. 

The temperatures during the lime boil are very close to those in the 
laboratory experiments and the concentration of CO should be the same 
in both cases. Using the data of Table 8, we may calculate the amount 
of FeO in the metal from the distribution ratio, and from equation (£/). 
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The two methods of calculation give fairly close agreement at 
these temperatures. 


Heat 

Sample 

Per Cent. FeO in Metal 

Calculated from 
Distribution Ratio 

Calculated from 
Equation (B) 

A 

8-16 

0.030 

0.036 

B 

8 

0.034 

0.047 


From Fig. 3 we may semi-quantitatively determine any one of three 
variables, carbon, FeO in the slag, or temperature, if the other two are 
given and if the metal and slag are in equilibrium. 

Example 1. — Calculation of the amount of FeO necessary to eliminate 
carbon to a given point at a given temperature. 

For this we will take a low carbon content, 0.03 per cent., at 3000° F. 

K'c at 3000° = 68, whence the mols of FeO in the slag = j ^ 


0.490. This equals 35.2 per cent, total FeO in the slag, (0.490) (71.8) 
= 35.2. 


Example 2. — Calculation of the amount of carbon that will be in the 
metal at 2900° F, when the slag contains 15 per cent, total FeO = 0.209 
mols FeO. At 2900°, K'c = 43.5, whence 


per cent, carbon 


1 

(43.5) (0.209) 


0.110 per cent. 


Phosphorus 

The reactions by which phosphorus is eliminated are : 

(6) 2P + 8FeO = 3Fe0.P206 + 5Fe + cal. 

(6a) 3Fe0.P206 + 3CaO = 3Ca0.P206 + 3FeO 

which may be combined to give, 

(7) 2P + 5FeO + 3CaO = SCaO.PzOj + 5Fe + cal. 

This reaction is strongly exothermic; therefore, phosphorus is much easier 
to eliminate at low temperatures than at high temperatures. The 
equilibrium constants for these reactions are: 


(6) 

(SFeO.PsOs) 

- (P)* (FeO)» 

(F) 

(6a) 

(3CaO.P,0,) (FeO)* 

“ (SFeO.PjOs) (CaO)» 

(G) 

(7) 

(3CaO.P,0,) 

(H) 


For a given amount of phosphorus in the charge and a given slag and 
metal weight, the extent of elimination will depend on the concentration 
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of iron oxide and available base in the slag and on the temperature. 

In determining the equilibrium constants for the reactions given above 
the utmost care must be taken in determining the concentrations of the 
reacting substances. The three factors in the denominator of the con- 
stant for reaction 7 are raised to the second, fifth and third powers, and 
this magnifies any experimental error tremendously. At ve^ low 
phosphorus concentrations this is particularly true. 


Laboratory Experiments 

These were carried out to determine the extent of elimination of 
phosphorus with slags containing only iron oxide and ferrous phosphate 
(reaction 6). Electrolytic iron, to which had been added 0.0 to 8.0 
per cent, phosphorus, was melted in the resistance furnace, and slags 
containing iron oxide only and mixtures of iron oxide and ferrous phos- 
phate were added when the metal was molten. The reaction was allowed 
to proceed for about an hour and the metal was then cast. The experi- 
mental work showed clearly that the runs made with very low phosphorus 
in the charge had not been left in the furnace long enough for equilibrium 
to be established, the same being true of the runs with very 
high phosphorus in the charge. The metal and slag analyses and the 
composition of the charge on the four runs which reached equilibrium 
are given in Table 9. 


Table 9. — Metal and Slag Analyses and Composition of Charge 






Analysis at Equilibrium 

Run 

No. 

Metal 

Per Cent. 

P 

Charge 

Per Cent. 
FeO 

Slag 

Per Cent. 
PiO, 

i 

Metal 

Slag 



Per Cent. 

P 

Per Cent. 
FeO 

Per Cent. 
PiO, 

7 

7.00 

100 

0.0 

4.99 

75.5 

24.5 

33 

3.80 

83.5 

16.5 

3.42 

80.6 

19.4 

34 

5.50 

84.5 

15.5 

3.64 

78.3 

21.7 

35 

7.70 

86.5 

1 

13.5 

3.87 

77.5 

22.5 


The equilibrium constant, Kip 
Run No. 

7 

33 

34 

35 

Average 

when (P) = per cent, by weight. 


(3Fe0.P*06) 

(P)* (FeO)«' ^ 

0.095 

0.089 

0.074 

0.097 


0.089 at 2750® F. 


(3FeO.PaOf) « mol fraction 

(FeO) ■= mol fraction free FeO, 


(F) 
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Since the slags contained only FeO and ferrous phosphate, the free 
FeO could be easily calculated. To convert this constant to terms that 
may be used in comparison with open-hearth slag composition, we 
transfer mol per cent, to mols per 100-wt. units, the result being Kip = 
0.66 for these concentration terms. 

We have assumed that all of the FeO in open-hearth slags is ''free'' 
as far as reaction with the metalloids is concerned, and in calculating 
the amount of ferrous phosphate to be found in these slags we may use 
the "total FeO" as in the sections on carbon and manganese. Let us 
take an open-hearth slag analyzing 10 per cent. FeO, 2 per cent. FesOa 
and 2 per cent. PjOs, with 0.020 per cent. P in the metal. The total 
mols of FeO are (0.139 + 0.038) = 0.177. 

(3Fe0.P20i) = (0.56) (0.02)® (0.177)* = 0.21 X 10”®molsper 100-wt. 
units of slag = 0.30 X 10~^ per cent. P2O6. This is negligible compared 
to the total P2O5 in the slag, which is practically all present as 
calcium phosphate. 

Plant Study 

The results for reaction 7 given in Table 10 have been obtained for 
finishing conditions in the open hearth. 

Table 10. — Finishing Conditions 


Heat Sample X 10“* Temp , Degrees F ♦ 


Q 

, 18.70 

2890 

L 

15.40 

2920 

K 


13.70 

2865 

A 

33 

13.50 

2895 

J 


12.60 

2900 

P 


8.15 

j 2865 

S 


5.05 

2930 

B 

17 

3.82 

2920 

G 


2.24 

3025 

H 


0.78 i 

1 

3045 


* Calculated from the manganese constant Yi^Mn 


The results for this reaction during the lime boil are : 


Heat 

Sample 

X 10-» 

lemp.. Degrees F* 

B 

8 

309 

2665 

E 

2 

114 

2715 

A 

8-16 

94 1 

2790 

F 

4 ! 

40 i 

i 

2780 


' Calculated from the manganese constant 
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From this table, the effect of temperature can be very plainly seen. 

Fig. 4 shows log (K^p X lO”**) plotted against J r r r- The heat of 

reaction, calculated as shown previously, is +209,000 calories per mol. 

This brings out clearly why phosphorus is so very readily eliminated at 
low temperatures. When high temperatures are carried in the furnace, 
either the basicity of the slag or its iron oxide content must be very high 
in order to carry out the desired elimination, whereas at low temperatures 
a large amount of phosphorus may be eliminated though the slag is very 



1 xlO^ 

T®EAbs 

Fig. 4. — ^Effect of temperatubb on phosphorus equilibrium. 
weakly basic. The equation connecting the equilibrium constant with 
temperature is 

log (iCap X 10-*) = ((^ X 10*) - 28.52) (j^)r (ff.) 

From these results the amount of phosphorus that can be eliminated 
under any slag conditions and at any temperature may be readily calcu- 
lated. If it is desired to determine the amount of phosphorus that may 
be eliminated for a given phosphorus content of the charge, or, conversely, 
the allowable amount of phosphorus in the charge for a given phosphorus 
content at the end of the heat, the metal and slag weight, slag composition 
and temperature roust be predetermined, or approximated. The utility 
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of this equation is being tested on a 200-ton furnace and the results to date 
are shown in Table 11. 


Table 11. — Phosphorus in Charge 


Heat No. 

Per Cent. Metal in 
Charge 

Per Cent. Si in 
Metal 

Per Cent. P 
Predicted 

Per Cent. P 
Obtained 

1 

22.4 

1 

0.84 i 

0.011 

0.012 

2 

31.0 

1.54 1 

0.012 

0.012 

3 

25 0 1 

1.25 

0.010 

0.010 

4 

20.0 , 

1.12 

0.013 

0.012 

6 

19.0 

0.84 

0.014 

0,013 

6 

19 7 

1.35 

0.009 

0.015 

7 

22 0 

1.00 

0.010 

0.010 


The method of testing is to calculate the amount of lime necessary, 
estimating the silicon content of the iron that is to be charged, to bring 
the phosphorus to about 0.012 per cent., and then correct for the actual 
silicon content of the metal when the charging has been completed, and 
compare the calculated phosphorus content of the bath with that obtained 
in the preliminary tests taken from the furnace. 

The iron oxide content of the slag is calculated from Fig. 3 by the per 
cent, carbon at which the heat is to be tapped and the tapping tempera- 
ture. The test is being carried out under normal operating conditions, 
and the results given above are on consecutive heats. An example of the 
general method of using the equation is given below. 

Example , — To determine the amount of phosphorus at the end of the 
heat for a given phosphorus content in the charge : 

Assumptions: 

Weight of charge = 250,000 lb., with 0.10 per cent. P 
Weight of steel == 240,000 lb. 

Weight of slag = 25,000 lb. 

Available base = 0.800 mol per 100-wt. units 
Per cent. FeO in slag = 10.0 
Per cent. Fe208 in slag = 3.0 

Temperature = 2900° F., /TaJbs ^ ~ 29.8^ 

From these assumptions, the mols FeO per 100-wt. units of slag == 0.196, 
and Kzp, from Fig. 4 or equation (H i) = 8.93, whence = (8.9) 

(0.800)^(1.96)* = 131. Expressing P 2 O 6 as per cent. P instead of mols 
PjOs, 8,130. The total pounds of phosphorus in the 

(P) metal 

charge = 250. 

Let X = pounds of phosphorus in the metal. 
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Then (250-a?) 


pounds of phosphorus in the slag, whence 
(250 - x) (100) 


25,000 


/ lOOx \* 


= 8,130 


V240,000/ 

Solving this equation, x = 25.2 lb. phosphorus in the metal 

250 — X = 224.8 lb. phosphorus in the slag, 


whence per cent. P in metal = 0.0105 
per cent. P 2 O 6 in slag = 2.06 

This method is applicable to the range of slag compositions and 
temperatures given in this work. 


Conclusions 

1. The amount of residual manganese, excepting when the slag 
contains over 5.0 per cent. PjOg, is controlled by the total magnanese 
charged, the amount of manganese volatilized, the iron oxide content of 
the slag, the basicity of the slag, the slag volume, and temperature. 

2. The quantitative relationship between these variables, excepting 
volatilization, is: 


where Xmq" = Base)®-®*^, the slag concentrations 

being expressed as mols per 100-wt. units and the metal concentrations as 
weight per cent. T = °F abs. 

3. From a consideration of the heat of the reaction 


Mn + FeO = MnO + Fe 

as calculated from plant data and as calculated from heats of formation 
at room temperature, the solubility of FeO increases 1.25 times as fast as 
the solubility of MnO for a given increase in temperature. 

4. The amount of iron oxide in the metal is not controlled by the 
residual manganese present. 

5. The amount of carbon in the metal depends on the concentration of 
iron oxide in the slag and on the temperature. 

6. At 2700° — 2800° F. the equilibrium constant for the reaction 
C + FeO = CO + Fe in the metal phase is : 

(CO) _0 36 


when all concentrations are expressed as weight per cent. 

7. The solubility of CO in pure iron at 2700“ to 2800“ F. equals 
0.018 per cent, by weight. 
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8. The amount of phosphorus in the metal depends on the total 
phosphorus in the charge, the iron oxide content of the slag, the basicity 
of the slag, the slag volume and the temperature. 

9. The quantitative relationship between these variables is : 

log (Kp X 10-*) = 75 X. 

((J,X 10 >)- 28 ^ 2 )y^ 

when slag concentrations are expressed as mole per lOO-wt. units, metal 
concentration expressed as weight per cent, and temperature T as 
degrees Fahrenheit absolute. 

10. The heat of the reaction 2P + 6FeO + 3CaO = .^CaO.PsO* + 
5Fe equals + 209,000 calories per mol. 

11. The utility of the equation for the phosphorus equilibrium is 
being tested and the first results have given remarkable agreement 
between the predicted phosphorus content of the bath and that obtained 
on the heats tested. 
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DISCUSSION 

H. Styri, New York, N. Y. — Herty states that calculation of equilib- 
rium in a steel melt by thermochemical methods is open to serious errors, 
because heats of reactions are largely unknown at the high temperatures. 
It should be remembered, however, that fair extrapolations of known 
physical data can be made, so that when proper assumptions and correct 
methods of calculation are used, the results should at least give an 
approximation of sufficient accuracy for practical purposes. The writer 
calculated,^* for instance, that under CO gas of 1 atmosphere pressure and 
1600° C., the amount of carbon dissolved should be .009 per cent., which is 
equivalent to .021 per cent. CO in solution. (In a discussion for the 
Faraday Society, 1925, Herty has misquoted this value.) By experiment 
Herty found .018 per cent. With this agreement apparently both the 
writer’s thermodynamical theory and the experimental work have been 
properly developed. 

If wrong assumptions are made, no amount of correct physical con- 
stants can give reasonable results, except by accident, as for instance, 
when some kind of a formula is used for a reaction and calculation of a 
certain constant, and thereafter this constant is used for entirely similar 
reactions in the same formula. It is therefore plausible that Herty can 
get comparative results in some of his calculations. 

On the other hand, when he presumes that the concentrations of 
MnO and FeO in metal are directly proportional to all MnO and FeO 
in the slag and that all FeO in the slag is available for reaction with the 
metalloids, although evidently the available active FeO or MnO must 
depend on Si 02 or P 2 O 6 present; when he further considers the lime boil 
period as equilibrium condition although both part of the lime and part 
of the metal are still unmelted and are furnishing a constant new supply 
of base to the slag and carbon to the melt, we can see cause why he 
found the heat of reaction of MnO twice as high as determined directly 
by experiment. 

From his Table 7 can be deducted that the dissociation of manganese 
phosphate and manganese silicate must influence the equilibrium con- 
stant. If we consider this dissociation and use the active” MnO and 
FeO in the formula for determination of K, this correction should allow 
finding K constant for one temperature even with such variable slag 
composition as Herty gives. 

His calculations seem to lead to another apparently contradictory 
conclusion, when he on page 1123 finds that a steel saturated with FeO (.97 
per cent, at 2700 to 2800° F.) can hold .052 per cent, carbon in solution, 
while he earlier in the same section, reports the solubility of CO to be 
.018 per cent., as found by experiments. If this latter determination 

I 

Jnl. Iron and Steel Inst. (1923) 218. 
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was made under atmospheric pressure, it agrees fairly with the writer's 
theoretical calculation, as referred to above, while the other composition 
given by Herty seems to be in error. 

* C. H. Herty, Jr., Pittsburgh, Pa. (written reply to discussion). — 
Reference to page 215, paragraphs 2 and 3 of Dr. Styri's paper, 
will explain the statement made by the writer as to the errors involved 
in a purely theoretical treatise on open-hearth reactions. 

In these paragraphs Dr. Styri calculates that the amount of manga- 
nese found in the metal on a given steel heat should be .70 per cent, when 
LeChatelier's value for the heat of combustion is used, and .40 per cent, 
when Vologdin's value is used. In the five heats given in the appendix 
of his paper the residual manganese is .06, .05, .04, .06 and .10. Further- 
more, there was very little change in the manganese content of the bath 
for the last hour of working, showing that the manganese must have been 
very close to equilibrium. 

The value quoted by the writer in discussion for the Faraday Society 
is calculated from Dr. Styri's paper, page 209, third equation on this page. 

The assumption that the concentration of FeO and MnO in the metal 
are directly proportional to all the MnO and FeO in the slag has been 
corrected by the basicity term in the equation for manganese equilibrium 
and is automatically corrected for in the phosphorus equation. The 
results showing log K plotted against l/T justify this assumption. 

In regard to the last paragraph of Dr. Styri's discussion, there is no 
reason why both CO and carbon should not be in solution simultaneously, 
in fact there is every reason why they should. As soon as CO is dis- 
solved in pure iron the reaction CO + Fe — > FeO + C takes place and at 
equilibrium, FeO, C and CO will be present in the iron. 

^^Jnl, Iron and Steel Inst. (1923) 218. 
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Twenty-five Years of Metallography 

By William Campbell, Sc. D., Ph. D.,* New York, N. Y. 

First I must express my deep appreciation for the honor of being 
privileged to give the Howe Memorial Lecture this year and at the same 
time my feeling of inadequacy to do justice to the subject. 

The first Howe lecturer was most fittingly, Professor Sauveur, his 
contemporary and friend, and the subject was beta iron. Last year the 
second Howe lecture was delivered by Dr. Mathews, one of his most 
distinguished pupils, who spoke on austenite. This year, the Howe 
Professor of Metallurgy was chosen to deliver the third annual lecture, 
and the subject ought to be martensite. 

No one but Professor Sauveur could have brought to life what was 
considered by many to have been dead and buried, and he so persuasively 
and convincingly proved to us by his experiments the existence of some- 
thing that the followers of that new cult ‘‘X-Ray and Crystal Structure^’ 
would have us believe is simply alpha iron. And Dr. Mathews from his 
wide practical experience was so easily able to convince us that austenite 
was not only the most wonderful of the iron-carbon series, but that it 
was the wonder alloy of the future. 

If I were to follow in the footsteps of my distinguished predecessors, 
I would talk to you about martensite. But when I had planned this 
lecture, I found that I was writing about Professor Howe and his work 
and his influence on the science of metals of today, and that martensite 
had become the secondary theme. And when finally I was obliged to 
choose a title, I remembered that it was in 1901 I came from Roberts- 
Austen with a letter of introduction to his very dear friend, Henry Marion 
Howe, at the Columbia School of Mines, to continue my work at the next 
bench to Dr. Mathews. Since then a quarter of a century has gone by, 
and during that time all branches of science seem to have been remade, 
so great has been our advancement in knowledge and discovery. And 
now that Metallography has finally established its place as an important 
branch of science, with its own textbooks and literature, I would like to 
review what seem to me to be the most important advances we have made 
in the last 25 years. To do this, I would start with Howe's “Iron, Steel 
and Other Alloys," and end with Jeffries and Archer's “ Science of Metals." 

In the preface of the former. Professor Howe wrote: 

My warmest thanks are due to the friends who have aided me with their counsel 
and knowledge. In particular, let me thank most sincerely Prof. Margaret E, Maltby 

* Howe Professor Metallurgy, Columbia University; Advisory Metallurgist, 
U. S. Navy Yard, New York. 
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for examining the first seven chapters and the tenth, those relating to the genesis 
of alloys in general, and to the phase rule — and Dr. William Campbell, non-resident 
lecturer on Metallurgy, for much valuable information, for many of the micrographs 
and indeed for the original suggestion to write the book; though as to the last, my 
gratitude is somewhat mingled with reproach. 

While the book was mainly devoted to iron and steel, it was the first 
to attempt to set forth our knowledge of alloys from the newer viewpoint 
of physical chemistry, and to stimulate an interest in this branch 
of metallurgy. 

Another book I would like to mention, and quote from the preface is: 

'^The Metallography of Steel and Cast Iron’^ by Henry Marion Howe, 
1916; “an introduction to the new science of microscopic metallography 
as appHed to steel and cast iron and an extended study of the very new 
branch of that science, the mechanism of plastic deformation.^^ 

Though I try to explain and illustrate clearly the visible phenomena, my chief 
aim is to stimulate others to think profoundly, in order that some among them may 
in due time push discovery farther and farther beyond its present very early state. 

The true task of the teacher is to excite thought. Hence I do not hesitate to 
offer such hypotheses as I can devise, not in the belief — hope should not enter into 
consideration — that they will endure, but with the aim of stirring others to seek the 
truth by destroying them. This, I take it, is the true function of most hypotheses, 
and this purpose should be in the heart of every philosophic student. 

Coming next to Jeffries and Archer’s “Science of Metals,” we had a 
great store of facts about the structure and properties of metals, and 
alloys, and a few theories scattered throughout the literature. A great 
amount of work had been done on the effect of cold work and of annealing 
on the structure and properties of metals, but the hardening due to cold 
work and the hardening of steel by quenching, were two very different 
things, while duraluminum was considered by many to be a freak alloy. 
Jeffries and Archer set out to give the “Reasons Why” underlying the 
science of metals. They set forth in a most logical manner the laws of 
grain growth and showed that ductility is due to ease of slip along certain 
crystallographic planes of weakness whereas hardening in all metals is 
caused by slip interference. Instead of there being anything mysterious 
about metals, once we accept the theories derived from X-ray analysis 
and atomic structure, the mechanism of deformation and of hardening is 
most simple. Professor Howe’s influence on this work is given in a 
recent letter from Dr. Jeffries, from which I will quote later. 

To cover the last 25 years of the science of metals would require ten 
times the amount of time allowed for this lecture, and I must be content 
with the mere mention of some of the outstanding points. This I will 
do under the following headings: 

(а) The structure of metals, the effect of strain and of annealing 

(б) The development of the iron-carbon diagram 
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(c) Martensite and the hardening of steel 

(d) Progress in our knowledge of the constitution of alloys, as exem- 
plified by the bronzes and brasses. 

To realize the state of Metallography at the beginning of the century, 
we have only to turn to the first four volumes of the Metallographisi 
edited by Professor Sauveur. I will mention a few of the outstanding 
papers therein : 

Ewing and Rosenhain: The Crystalline Structure of Metals/ * 

Osmond: On the Crystallography of Iron/ 2 ) 

Bakhuis-Roozeboom: Iron and Steel from the Point of View of the “Phase 
Doctrine.”^ 

Stansfield: The Present Position of the Solution Theory of Carbonized Iron/^^ 

Stead: Iron and Phosphorous/^^ 

Charpy: Study of White Allo^^s Called Antifriction/®^ 

The Structure of Metals 

Just as Ewing and Kosenhain's work marks the beginning of our 
modern knowledge of the structure of the non-ferrous metals, so does 
Sauveur’s work on iron^^^ begin our study of abnormal grain growth. 

From 1899 to 1901 I had been studying the dendritic structure of 
metals and the effect of cold work on structure, at the Royal School of 
Mines. Unfortunately, it was not until the work was practically com- 
pleted that I became acquainted with Ewing and Rosenhain’s results. 

At the joint meeting of the Institution of Mechanical Engineers 
with the American Society of Mechanical Engineers at Chicago in June, 
1904, the author read a paper entitled ^‘The Effects of Strain and of 
Annealing in Aluminum, Antimony, Bismuth, Cadmium, Copper, Lead, 
Silver, Tin and Zinc/^ This was a summary of various papers handed 
in by Sir William Roberts Austin in October, 1901, covering work done 
under his direction at the Royal School of Mines between September, 
1899 and June, 1901, and forming Appendix IV to the Sixth Report to 
the Alloys Research Committee. 

The structures found on the surfaces of small ingots were studied and 
the effect of slight strain was observed by examining the surface of a small 
bar or ingot after bending to a slight angle and straightening again. The 
effects of great strain were found on examining the structure of ingots 
after hammering or rolling. The samples were then annealed, repolished 
and etched and the effects of annealing observed. 

In rolled copper the grains were drawn out and elongated but in the 
case of the softer metals such as lead, tin, zinc and cadmium, rolling or 
hammering was found to break down the original crystals and produce a 
finer crystallization. We now know that this is due to the fact that the 
equiaxing temperature of these soft metals is so low that rolling or ham- 

1 Numbers in parenthesis refer to list of books and publications on page 1175, 

VOL. LXXIII.— 72 
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mering at room temperature is really hot working, hence the fine- 
grained structure. 

The amorphous metal hypothesis was set forth by Beilby^*^^ in 1911 to 
explain the hardening due to cold work, and this was extended by Rosen- 
hain and Ewen^^^ in 1912. 

The effect of cold work and annealing in the physical properties of 
copper and brass was given in Grard's admirable paper^^^^^ in 1909, and 
this gave us the type curves with which we are all so familiar. 

Howe^s “Metallography of Steel and Cast Iron,’^ already referred to, 
was written in 1915. 

In 1915 Mathewson and Phillips' paper^^^^ before this Institute on the 
“Recrystallization of Cold Worked Alpha Brass on Annealing" caused 
a very general interest in the structure of metals. This was discussed 
by Jeffries and followed in 1917 by two other noteworthy papers, namely 
that by Jeffries^^^^ on “Grain Growth Phenomenon in Metals" and by 
Howe^^^^ “On Grain Growth," Lastly, we had Jeffries and Archer’s 
“Slip Interference Theory of Hardening" in 1921, and the whole subject 
was admirably set forth by them in their book “The Science of Metals,” 
in 1924. The following summarizes what they say : 

Summary of the Slip Interference Theory of Hardening 

The metal at the grain boundarie.s is substantially amorphous, possessing the 
essential deformational and strength characteristics of typical vitreous amor- 
phous material. 

Plastic deformation below the temperature of recrystallization generates addi- 
tional amorphous metal at the boundaries of the original grains. 

Even the most severely cold worked metals are predominantly crystalline. 

The formation of vitreous amorphous metal on all slip planes, as postulated by 
Beilby, is not tenable. Further slip on ^‘used” planes must occur in the course of 
maximum deformation. 

The importance attached to the specific hardness of amorphous metal as a cause' 
of hardening has been greatly exaggerated. 

Strain hardness is caused by slip interference created by grain fragmentation of 
the original grains. 


Summary of Law of Grain Growth 
The laws of grain growth they have set forth as follows : 

The grain size of cast metals is usually smaller, the more rapid the rate of 
solidification. 

The grain size in cast metals which undergo no phase change in the solid state 
cannot be changed appreciably by heating below melting point. 

Grain growth in the solid state may occur in (a) worked metals; (6) compressed 
powders; (c) electrodeposited metals; {d) in iron when it changes allotropic form; and 
(e) in alloys in which a new phase is formed in the solid state. 

The recrystallization temperature is lower (a) the greater the amount of defor- 
mation, (b) the smaller the grains prior to deformation, (c) the purer the metal, (d) 
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the lower the temperature at which the deformation is effected, and (e) the longer the 
time of heating. 

In any given metal the grain size, after complete recrystallization, is normally 
smaller the lower the recrystallization temperature. 

Above the recrystallization temperature, the grain size is normally greater the 
higher the temperature and the longer the exposure. 

The higher the temperature the more rapid the grain growth. 

Certain conditions of non-uniformity sometimes give rise to the formation of 
abnormally large grains. This is “germination.’^ These are (a), grain-size con- 
trast; (b), strain gradients; (c), temperature gradients; (d), concentration gradients; 
and (c), obstruction gradients. 

The presence of foreign inatter, or a second phase, introduces mechanical obstrm;- 
tion to grain growth. Resistance increases as the quantity of foreign matter or otlu'r 
phase increases and as the particle size decreases. 

The presence' of a certain amount of obstruction matter increases germination. 

The higher the germmative temperature, the larger will be the grains and the 
(juickor will they form. 

The more rapid the heating through the germinativc temperature range, at least 
within limits, the finer will be the grain size. 

Although Jeffries’ views on the manner in which germination occurs 
are generally accepted in this country, namely that it is a true recrystal- 
lization followed by abnormal grain growth of certain favored grains, 
another view has been put forward by Carpenter and Elam^^^^ from their 
study of tin and aluminum. Within a certain narrow range of cold 
work, grain growth occurs in certain grains by invasion of their neighbors, 
and this without previous recrystallization. When the cold work reaches 
a definite amount normal recrystallization occurs in heating to the equiax- 
ing temperature. The recent work in the production of single crystals 
of tungsten and of copper is of interest in this respect, and Edwards and 
Pfeih^’’^ have produced enormous grains in carbonless iron, resembling 
' those of Kuder^^*’* in silicon steel. 

Although all of the rules of recrystalhzation and grain growth are aj)parently 
v(‘ry simple, 1 have yet to understand just how grain growth actually takes place. 

Fig. 1 shows the structure of an ordinary condenser tube heated after the final 
draw to just the equiaxiiig temperature, but not held long enough to give complete 
n'crystalhzation. Numerous new and tiny grains arc forming at the old grain bound- 
ari('s and on the twin planes. Fig. 2 shows the structure of a fine-grained condenser 
tube. Fig. 3 shows a comparatively coarse one. 

Now on heating such annealed and equiaxed material above the last annealing 
tc'inperature, the grains grow larger. Fig. 4 shows a tube heated for 15 min. at 
550° C. Fig. 5 is another piece held for 5 min. at 825° C. 

If these grains grow by absorbing their neighbors, why is not growth in geometrical 
progression instead of by uniformly progressive increase? Is there some kind of 
reorientation at each maximum temperature, or how must we explain this grain growth? 

Neumann Bands 

These were first noticed by Neumann in 1848, when studying meteoric 
iron and were later found by Prestel in commercial iron. Howe dis- 



1140 


TWENTY-FIVE YEARS OF METALLOGRAPHY 



Fig. 1. — Admiralty tube, partly recrystallized. X90. 

Fig. 2. — Fine-grained tube. X90. 

Fig. 3, — Coarser-grained tube. X90. 

Fig. 4. — Tube reheated to 650® C. X90. 

Fig. 5. — Tube reheated to 825® C. X90. 

Figs. 6 , 7, and 8. — Neumann bands in Swedish wrought-ihon. X90. 
(Reduced one-half.) 
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cusses them at length in his ^'Metallography of Steel and Cast Iron’’ 
(page 415). In 1919 a Committee on the Investigation of Neumann Bands 
was appointed by the Chairman of the Division of Engineering of the 
National Research Council with a view to determine if possible the speed 
of breakage in the metal and to distinguish between fracture caused by 
an explosion and one caused by an ordinary mechanical strain. In 1922, 
this work was presented to the Institute in a paper by Foley and Howelb^^^ 
entitled " Neumann Bands as Evidence of Action of Explosives on Metals.” 
A further report is to be presented by Foley and Crawshaw at this 
meeting on "Effect of Air Gap in the Explosion System in the Produc- 
tion of Neumann Bands.” 

Recently Rosenhain and McMinn^^®^ read a paper before the Royal 
Society (March 1925) on the "Plastic Deformation of Iron and the 
Formation of Neumann Lines.” Although the view generally held is 
that Neumann bands represent areas in which the alpha-iron crystals 
have become twinned as the result of shock, the authors find that they 
are really sections of plates or lamellae running through the crystals. 

Slip bands were produced in metal containing Neumann bands and 
were found to cross them in a more or less irregular manner, which seems 
to prove that the latter are not twins. 

Just how much shock is required to produce Neumann bands has not 
been definitely settled. They have been found in wrought iron after 
nicking and breaking with a sledge hammer, as well as in the decarbonized 
surface of forgings and castings after annealing, whose only shock has 
l)cen that incidental to handling. 

The following micrographs are examples of Neumann bands found in 
Swedish wrought iron, in the neighborhood of the fracture. Fig. 6 is 
in a bar ^4 by j Fig. 7 in a bar Jig by 3 in. about in. from 

fracture, and Fig. 8 , in the same near the fracture. 

The Development of the Iron-caubon Diagram 

From Sorby’s time we have known that the iron-carbon series was 
complex. Sauveur’s first diagram^^®^ showed us the relation of ferrite, 
pearlite and cementite, and Roberts- Austen’s diagram^’®^ indicated that 
with higher carbon content we could have either graphite or cementite 
as one member of the eutectic. Yet it was well known that cementite 
and graphite commonly occurred together. In 1900Rooseboom^^^ pointed 
out that such an association could not occur in a system in a state of 
equilibrium and in order to satisfy the phase rule it was necessary to 
show a reaction at say 1100° C. between graphite and gamma iron (aus- 
tenite) to form cementite. On the other hand Stansfield^^^ maintained 
that at ordinary temperatures ferrite and graphite were the stable phases 
present. Later Benedicks^^^^ summarizing the previous work including that 
of Heyn^ 22 ) g^^d of Charpy^^*^^ proposed a double diagram: ( 1 ), the stable, 
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austenite and graphite; (2) inetastablc, austenite and cenientite. This 
was an excellent working hypothesis until Cloerens’^-^' work showed that 
all pure cast irons solidified as austenite and cementite and that graphite 
was the product of the decomposition of cementite and was not an original 
constituent. Lastly came the work of Wittorf^^^^ showing two new car- 
bides, Fe 4 C and FeCs. In this connection may be mentioned changes in 
the diagram proposed by Smits, Hanemann and others, all of which has 
been discussed by Guertler^^®^ who proposed the new diagram given in 
Fig. 9. 

We have one stable and two metastable diagrams. In the stable 
diagram, the liquidus is shown by the curves ABODE. Above 1960° C. 
we have liquid and FeC 2 which resembles graphite in appearance. At 



1960° C. the FeC 2 reacts with the liquid to form Fe.^C, and at 1850° C\ 
the remaining FeC 2 breaks down into graphite and FesC^ At 1680° C. 
the FesC decomposes and liquid and graphite results. At 1360° C. a 
reaction between the liquid and the graphite results in the formation of 
Fe 4 C, which forms a eutectic with austenite at 1180° C. and 3.8 per cent, 
carbon at B. The Fe 4 C breaks down into graphite and austenite at 
1110° C., and then at 750° C. we have the eutectoid of ferrite and graphite 
with 0.7 per cent, carbon, at Q. 

The first metastable diagram is produced by suppressing the decom- 
position of the FeaC at 1680° C. and continuing the curve ED to e where 
at 1135° C. the eutectic of austenite and cementite freezes with 4.3 per 
cent, carbon, followed by the eutectoid of ferrite and cementite at 0.9 
per cent, carbon and 710° C. or the point S. The second metastable 
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diagram is caused by supressing the reaction at 1360° C. and continuing 
the curve DC to d, which gives the eutectic of graphite and austenite 
at ] 155° C. and 4.1 per cent, carbon, followed by the eutectoid of ferrite 
and graphite at 750° and 0.7 per cent, carbon as before at Q. 

Time will not permit discussing the details of this diagram, but it can 
be said that it explains many of our previous difficulties and harmonizes 
practically all of the previous work. 

Two further points must be mentioned. The first is delta iron, fore- 
shadowed by Ball and proved by Ruer and Klesper.^^®"^ In the iron-car- 
bon diagram, at 1486° we have the reaction delta 0.07 per cent. C + 
liquid 0.38 per cent. C = gamma 0.18 per cent. C, as shown by the inset. 

The second is the line MO showing the transformation of beta into 
alpha or the magnetic change. Honda^s magnetic work^^^^ has shown 
that the line MO should be continued across the diagram as the line A 2 
indicating the magnetic change (maximum) in the whole system and that 
beta has no place on the diagram. 

The application of the X-ray to the study of crystal structure has been 
most helpful in developing our ideas of the iron-carbon and some of the 
iron-alloy series. The work of Bain and Jeffries, of Westgren and Phrag- 
men^“^^ may be mentioned in this respect. The crystal lattice of alpha 
iron is body centered, so is that of beta and of delta iron. Gamma iron, 
or austenite, has the face-centered lattice. In other words there are only 
two forms of iron and the beta change is not one of structure and therefore 
has no place in the diagram. In some of the iron-alloy series the alpha 
and delta fields are continuous and surround the gamma area.^ 

Accepting all of these results our iron-carbon diagram still retains its 
former beauty, but alas, the same cannot be said of the iron- 
nickel diagram. 


The Alloys of Iron and Nickel 

These alloys have been studied by the physicists on account of their 
remarkable physical properties, such as magnetism and coefficient of 
expansion. At elevated temperatures they form a series of solid solu- 
tions but show certain changes with fall of temperature. From the study 
of meteorites Guertler predicted a eutectoid which was confirmed in the 
paper of Hanson and Hanson, whose diagram is shown in Fig. 10. 
Now the X-ray shows that the crystal structures of alpha and beta 
nickel are the same. Hence the curves PLM are not a change of phase 
but merely a magnetic change in the series, and have no place on 
the diagram. 

^ A very clear and readable sunniiary of the present state of X-ray crystallography 
is given by Zay Jeffries in the report of Sub-committee VI, of Committee Ii/-4 on 
Metallography, Proc. Am. Soc. Test. Mat., 25 , I (1925). 



1144 


TWENTY-FIVE YEARS OF METALLOGRAPHY 


According to Kas^ the magnetic analysis, microscopic and dilatometric 
examination as well as thermal analysis reduce the diagram to a very 
simple form and all that is left are the two lines HX and H F, separating 
the two fields I and II. 

Martensite and the Hardening of Steel 

Probably no subject has caused more discussion than the hardening of 
steel and the nature of martensite. In 1896, Professor Sauveur read a 
paper before the Institute on ‘‘The Microstructure of Steel and the 
Current Theories of Hardening,’’ which led to wide interest in and dis- 
cussion of the subject. The genus metallurgist became divided into 
two groups, the allotropists and the carbonists, though a few took the 



safe course and became carbo-allotropists. With the advent of the amor- 
phous theory of the hardening of metals, and the dawn of our ideas on 
atomic forces, other theories were developed and the practical man was 
lost in a maze of contradictions. 

The various theories of hardening were most clearly summarized by 
Professor Sauveur in his “Metallography and Heat Treatment of Steel.” 
He divides them into two main groups: 

I, Retention theories, embracing.the solution theories, the amorphous 
iron theory and the carbon theories. 

II. The stress theories, which include the early stress theory, inter- 
strain theory, twinning and amorphous theory. 

3 Hanson and Hanson, Jnl. Iron and Steel Inst. (1920), II, 39; Hanson and Free- 
man, JnL Iron and Steel Inst. (1923), I, 301; T. Kas<5, Sci. Rep. Tohuku I. Univ. (1925). 
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Under solution theories, we have two: 

Allotropic Theory of Osmond and Roberts- Amten^ and later of Howe. — (1) The bulk 
of the iron passes from the gamma to the beta condition, hence the great hardness 
produced; (2) some of the beta is transformed to alpha, hence the magnetism; (3) a 
large proportion of the carbon probably as FeaC remains dissolved in the beta iron; 
(4) the internal pressure created by the transformation of austenite into martensite 
or gamma into beta may contribute to the final hardness. 

Alpha Iron Theory of Le Charelier and Guillel. — On quick cooling through the 
critical range, the allotropic transformation from gamma to alpha is not prevented 
but the steel remains nevertheless in the condition of a solid solution of carbon or 
FcaC in alpha iron, owing its hardness to its state of solution and its magnetism to 
alpha iron. They consider that the A 2 point is not an allotropic change, and that 
beta iron does not exist. 

The Amorphous Iron Theory of Humfrey. — Hardness is due to the presence of a 
hard amorphous solution of alpha iron and iron carbide. This is based on the sup- 
position that the passage of a substance from one allotropic modification to another 
involves the temporary formation of an amorphous state, and if due to sudden cool- 
ing, the change point is lowered to a temperature below that at which crystallization 
in the viscous mass becomes difficult, then the amorphous form will be retained. 

The Carbon Theories. — (a) Hardening due to presence of hardening carbon stable 
only above the critical range; {h) sub-carbide theory of Arnold. Eutectoid steel above 
its critical point exists as Fe 24 (', called hardenite. 

The Stress Theories. — (a) Hardening due to enforced solution of carbon in iron by 
sudden cooling (carbonists’ theory). Great internal strains result from transforma- 
tion of austenite to martensite with increased volume, producing hardening similar 
to that of cold w'orking (A. Le Chatelier, Chary and Grenet). {b) Interstrain theory 
of McCance: The whole of the carbon remains in solution w'hile the bulk of the gamma 
is converted into alpha, but owung to the restricted mobility during quenching, the 
crystalline units are not homogeneously oriented and exist in a condition of inter- 
strain. (c) Twinning and amorphous theory of Carpenter and Edwards: Quenching 
produces internal stress and forms numerous twins and hard amorphous 
layers (martensite). 

Now all of these theories were put forth before the end of 1914, and 
the next advance was the slip interference theory of Jeffries and Archer^® 
in 1921 , which explains not only the hardening of metals due to cold work, 
but also the hardening of steel by quenching. The following summary 
is taken from the ‘^Science of Metals.’' 

The Essential Points in the Hardening of Steel 

Steel owes its hardness fundamentally to the absolute cohesion of the iron atoms. 

Pure iron and soft steel are relatively soft and weak because of the presence of 
crystallographic planes of w eakness or potential slip planes in the ferrite grains. 

The increased strength and hardness of pearlite, as compared wdth pure iron are 
due largely to the increased resistance to slip in the ferrite grains offered by the 
hard cementite. 

The increased hardness of sorbite and troostite, as compared with pearlite, is 
due to the refinement of the ferrite grains and the greater dispersion of the cement- 
ite particles. 

The increased hardness of martensite, as compared to troostite and sorbite, is 
due to a still greater refinement of the ferrite grains and, in cases of maximum hard- 
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ness, to the critical dispersion of the cementito particles. Carbon in solution or in 
atomic dispersion in the ferrite makes the fenite of martensite somewhat harder 
than the ferrite of pure iron. 

The more rapid the cooling of austenite the lower will be the temperature of its 
transformation into ferrite and cementite. When the transformation takes place at 
or above the temperature of 600° C., both ferrite and cementite form, yielding pearl- 
ite, sorbite or troostite. If the austenite is preserved at a temperature less than 
about 600° C. it seems to be relatively stable until a temperature of about 300° C. is 
reslched on cooling. 

When the austenite transformation is suppressed to about 300 per cent, or lower, 
the allotropic transformation of iron takes place independently of the carbide for- 
mation. Freshly formed martensite therefore, consists essentially of alpha iron in 
which the carbon is substantially atomically dispersed. PVeshly formed inarUaisib' 
is apparently not quite as hard as martensite which has stood at room tcinpc'ratun* 
for several days or has been given a mild tempering treatment. 

Carbon is very" much less soluble in alpha iron than in gamma iron. Tlu* alpha 
iron of freshl}" formed martensite contains carlion atoms in atomic dispiM’sion and is 
therefore saturated with respect to carbon. Equilibrium is brought about only by 
the precipitation of the carbon in the form of cementite. 

Carbon diffuses slowly in alpha iron at room temperature and diffuses moii* 
rapidly as the temperature is incrt'ased. The carbide therefore precipitates slo^^ly at 
room temperature and more rapidly with rising temperature. 

It is postulated that freshly formed martensite is hard chiefly because of the fine- 
ness of the ferrite grains, but partly because the ferrite containing carbon is hanh'r 
than pure ferrite. 

It is postulated that the increase in hardness of freshly quenched mart('nsif(‘ on 
standing at room temperature or after mild tempering is due to the ])recii)itation of 
cementite, the hard cementite particles ‘‘keying’’ the slip plaiH‘s of huTite grains 

Heating tends to soften martensite because it tends to pioduce growth of tlu* 
ferrite grains. 

Heating produces changes in the carbide which tend to harden th(‘ steel until 
critical dispersion of the carbide particles obtains, and further heating tends to soften. 

Grow"th of the carbide particles is considered to take place* as the result of a slight 
solubility of carbon in alpha iron, w hich is greater the srnalh'r the size oi the cem(‘ntite 
particles with which the solution is in contact. 

The mechanism of particle growth is such that the matrix, alpha iron, should 
approximately reach its equilibrium content of carbon before the laws of jiarticle 
growth begin to apply. This suggests the nearly complete precipitation of the car- 
bide at an early stage of tempering. 

Sometimes the composition of the steel is such that rapid quenching preserves 
austenite at room temperature, whereas moderate rates of cooling do not preserve* 
austenite. The transformation of such austenite into martensite or another product 
of transformation on aging or tempering results in an increase in hardness. An 
increase in the hardness of a steel due to this cause is accompanied by an increase 
in volume. 

The Constitution of Austenite, Martensite and Troostite 

The application of X-ray analysis to the study of crystal structure, 
as well as the recent development of extremely high-power photomicro- 
graphy notably by Lucas, has tended to]upset many of the old theories 
as to the nature of the constituents of hardened steel. 
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It is usually ^rantcnl that austenite is a solid solution of gamma iron, 
hut it is hy no means agreed as to the condition of the carbon. Is it in 
solution as carbon or as iron carbide? Some hold that because carbon 
diffuses with ease in austenite, it must be in solution as carbon because 
the carbide is too bulky to pass through the crystal lattice. 

What do we mean when we use the term martensite? To many 
writers martensite refers to the darker needles or the chevrons which 
occur in a matrix of austenite, while others consider it as the whole 
complex, chevrons plus matrix. 

Again troostite usually forms at the grain boundaries of the austenite 
with a globular radiating structure. This decomposition product we 
may call primary troostite. But have we strong enough evidence to 
prove that it is the same as the secondary troostite which occurs on 
tempering? Until we have, I think it would help to clarify the discussion 
if we kept them separate. 

It is generally admitted that martensite is alpha iron, but in what form 
the carbon occurs is still not agreed. Is it carbon or F3C in solid solution 
or as a mechanical mixture? One group asserts that it is carbon in 
atomic dispersion, others that it is F,iC in solution because on tempering 
F.sU precipitates out, while still others hold that it is FesC in a very fine 
state of dispersion. Just where a solid solution becomes a mechanical 
mixture has not been generally decided. 

According to Jeffries, fresh martensite is fine-grained ferrite with 
carbon atomically dispersed. Hardness is due principally to grain 
refinement but partly to carbon. With aging and slight tempering, 
Ve.iC forms and the maximum hardness occurs at the critical dispersion 
of this carbide. To most of us it would appear that the grain size of 
martensite is often coarse, but Jeffries has explained that his grain size 
is submicroscopic as indicated by the X-ray, and what we call the marten- 
site grain is really a pseudomorph after austenite. This explains why 
hardness has little to do with texture, e. steels quenched at various 
temperatures above Acs reach a maximum hardness when the matrix is all 
fine martensite and generally show a falling off in hardness as the tex- 
ture coarsens. 

According to Matsushita and Honda, there are really two kinds of 
martensite, alpha and beta, probably differing in the mode of distribution 
of the carbon atoms within the space-lattice of the iron atoms. Hondg^ 
does not admit that martensite is very fine-grained, but accounts for the 
diffusion of the X-ray spectrum lines by microstrains which alternately 
increase and decrease the lattice distance. 

Whiteley,^*^^^ discussing martensite and troostite, distinguishes four 
types of martensite as the carbon increases in steel : (1 ) up to 0.6 per cent. C ; 
(2) from 0.60 to 0.75 per cent. C, (3) 0.75 to 1.6 per cent. C and (4) over 
1 .6 per cent. C. He also distinguishes between two types of troostite A, 
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the normal kind usually figured in text books, and M formed through the 
breakdown of separate martensite crystallites. 

Enlund^^®^ investigated the structure of quenched carbon steels by 
means of change in electrical resistivity, and specific volume with anneal- 
ing temperature. He finds that all carbon steels quenched in water in 
the ordinary way contain some austenite (confirming Westgren and 
Phragmen^s work by X-ray analysis and that martensite in quenched 
steels is transformed into troostite through annealing at 100 to 200° C., 
whereas the austenite which is present in all quenched carbon steels does 
not decompose until it is heated to 200 to 300° C., the reactions being 
most marked at about 110° C. and 260° C. 

From the above all I can conclude is that while the theories of harden- 
ing were at wide variance in 1914, the newer theories, based mainly on 
X-ray analysis and crystal structure and our new knowledge of the 
structure and plastic deformation of metals, are not all in exact agreement 
and will not be until we first come to some agreement as to the terms we 
use and the limits of their meaning. 

Examples of Martensite and Troostite 

One of the criticisms of so much of our microscopic work on hardened 
steel is that our samples are all abnormal and are in the nature of freaks. 
For instance, we are asked what relation there is between an alloy of iron 
with 2}^ per cent, of carbon quenched from 1100° C. in iced brine and a 
piece of normally hardened tool steel. But martensite and troostite 
occur in the whole range of steels, not only in tool steels but also in low- 
carbon steels which are used in everyday practice. 

» I Fig. 11 is a sample from a seamless boiler tube which exploded in a 
destroyer, X90. Here we have a martensitic grain of enormous size with 
fringes of troostite. Fig. 12 shows an area from the head of a marine- 
boiler rivet which failed, X90. The rivet was headed by a hydraulic 
riveter, resulting in an enormous martensitic grain, with typical troostite 
at the grain boundaries. Fig. 13 shows an area from another rivet head. 
Typical chevrons of martensite and equally typical troostite, X90. 
Fig. 14 is a third example of boiler rivet head. The troostite is now the 
dominant constituent and thin envelopes of ferrite appear at the grain 
boundaries, X90. 

Fig. 15 shows the structure of the head of a small deck rivet in which 
parts of two huge martensitic grains are seen, X90. Fig. 16 shows part 
of another grain of the same, X90. 

Such enormous structures are not confined to maltreated low-car- 
bon steels. We find them in tool steels as well. 

Fig. 17 is taken from the center of the cutting end of a rock drill and 
consists of martensite and troostite, X90. Fig. 18 shows the structure 
of some of the smaller grains, nearer the outside, X500. Martensitic 
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Fig. 11. — Burst boiler tube. Martensite. X90. 

Fig. 12. — Boiler rivet. Martensite and troostite. X90. 
Fig. 13. — Same. Martensite and troostite. X90. 

Fig. 14. — Same. Martensite, troostite and ferrite. X90. 
(Reduced one-third.) 
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grains with typical troostite boundaries and the beginning of the 
precipitation of ferrite. 



Figs. 15 and 16. — Deck rivet. Martjensite, trace of ferrite. X90. 

Fig. 17. — Broken rock drill. Martensite and troostite. X90. 

Fig. 18. — Same. Martensite, troostite, trace of ferrite. X500. 
(Reduced one-third.) 

Iron and Nitrogen 

The question of the effect of nitrogen on steel has had frequent 
attention. On the one hand we make nitrogen the scapegoat for the 
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oinbrittloment of steel, while others are developing methods of case 
hardening by nitrogen. Mention may be made of the work of Comstock 
and Ruder^*^*^^ in this country and of Fry^^^^ abroad. 

The iron-nitrogen diagram was presented by Sawyer^^*^ to the Institute 
in 1923. Fig. 19 shows a eutectoid at 1.7 per cent. N. and about 610° C. 
At the eutectoid temperature iron holds 0.1 per cent. N in solid solution 
but only 0.03 per cent, at normal temperature. The excess precipitates 
out as nitride needles on cooling. The following illustrations are taken 
from a very homely source, a failed wrought-iron boiler tube that split 
in use. 

Fig. 20 shows the structure at the inner surface X90, and resembles 
ferrite and pearlite. The dark areas however are not the carbide but 



Fk;. 19. “-lliOX-MTHOCiEX I)IAf;R\M SHOWING A EUTEeTOID AT 1.7 PER CENT. NITROGEN. 

(Sawyer) 

the nitride eutectoid. Fig. 21 is taken from the center, and no longer 
resembles our usual ferrite and pearlite of low-carbon steel, X90. Fig. 
22 from the outer surface is similar, X90. 

Fig. 23 shows the details of structure which are quite different from 
pearlite and ferrite, X500. Fig. 24 shows an area richer in ferrite, X500. 

On heating this material to a cherry red for 30 min., practically all 
of the nitride disappears. 

Fig. 25 shows the center of a strip of tube, one end of which was reheated 
and the other kept cool; X90. There is a marked change from Fig. 21, 
a similar area, and nothing now remains but ferrite and small slag inclusions. 

The Structure of Ancient Armor 

Some years ago, my colleague, Dr. Bashford Dean, curator of armor 
at the Metropolitan Museum, became interested in the structure of old 
armor. He supplied a number of authentic samples, which were most 
skillfully mounted and prepared for microscopic examination by Alfred 
de Forest, who was working in my laboratory at that time. From 
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Fig. 20. — Burst boiler tube. Inside. X90. 

Fig. 21. — Same. Center. X90. 

Fig. 22. — Same. Outer surface. X90. 

Figs. 23 and 24. — Same. X500. 

Fig. 25. — Same, heated to cherry red. X90. 

Figs. 26 and 27. — Wrist-piece, about 1460, X460. 

(Reduced one-half.) 
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Fig. 28. — German thigh plate, 1500. X90. 

Figs. 29 and 30. — Shoe, 1515-1525. X90. 

Figs. 31 and 32. — Gothic Jazeran throat plate. X90. 
Figs. 33 and 34. — German arm guard, 1530. X90. 

Fig. 35. — ^Leg- piece, 1580-1600, X90. 

(Reduced one-halp.) 


VOL. Lxxin.— 73 
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them I have chosen a few which serve to illustrate the wide variations in 
structure and which show very beautifully many of our comparatively 
recent discoveries such as grain growth and germination, Neumann bands 
and ghosts. 

Fig. 26 is a cross-section of a wrist piece, X450, made by the Missaglia 
brothers about 1460. This is from the case-hardened outer portion and 
shows martensite, troostite and ferrite. Fig. 27 shows another area 
less deeply etched, X450, with the same constituents. 

Fig. 28 is a cross-section from a German thigh-plate dating from 1500, 
X90. This is evidently not case hardened but is a natural steel of very 



Fig. 36. — English shoulder plate. X450. 


heterogeneous structure. Under a higher power the dark areas are 
tempered martensite. 

Fig. 29 shows a section of a Maximilian shoe of about 1515 to 1525, 
X90. Here we have abnormal grain growth or germination as marked 
as in our laboratory samples. Fig. 30 is another area of the same metal, 
X90, etched with 4 per cent, nitric acid in alcohol, which brings out the 
phosphorus banding in the coarse ferrite area and in addition shows 
numerous Neumann bands. 

Fig. 31, shows a cross-section of a piece of Gothic Jazeran throat plate, 
X90, etched with 4 per cent, nitric acid in alcohol. An inner core of 
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enormous grains of ferrite is shown, with an inner and outer surface of 
fine grain containing a little carbon. 

Fig. 32 is another section, X90, the coarse grains being full of 
Neumann bands. 

Fig. 33 is a cross-section of a German arm guard of about 1530, X90. 
At the surface the grain is extremely fine but the center is very coarse 
ferrite etching with a peculiar grain boundary similar to that in com- 
mercial wrought-iron boiler tubes that have been overheated in service. 
Fig. 34 is another section of the same, X90. Here the grains are even 
coarser and several Neumann bands are seen. Fig. 35 is from a leg piece, 
1580-1600, probably English, X90. The outer surface is carburized 
but not hardened. The interior is low-carbon with numerous high- 
phosphorus bands or ghosts, a poor quality of iron judged by our 
present standards. 

Fig. 36 is a piece of English shoulder plate, X450. The metal is 
low-carbon and has a typical ghost or high-phosphorus band through the 
center. The phosphorus is so high as to produce the light elongated 
globules in the center, a condition rarely met with today even in the 
poorest samples of screw stock. 

An examination of this old armor makes us discount our old ideas 
about superlative quality and at the same time increases our admiration 
for the workmanship, for the armorer must have had great skill to produce 
the intricate shapes out of such poor material. Furthermore the fre- 
quent occurrence of Neumann bands leads to some speculation as to the 
hard knocks the wearer had to put up with. 

Martensitic Structure in Non-ferrous Alloys 

It often happens that the reputation of a man is built on one phase of 
his work, while his other interests in time are forgotten. This is so with 
Professor Howe, of whom we are beginning to think in terms of his work 
in the ‘‘Metallography of Iron and Steel. We forget his early work as a 
practical copper metallurgist. When I came to Columbia I found he 
was keenly interested in the copper alloys. One experiment I particu- 
larly remember was making diffusion alloys of copper and aluminum and 
examining their structure. Dr. Matthews and I had already played with 
this series in London. It was found that at the copper end they resembled 
the bronzes showing two phases alpha and gamma with a eutectoid 
between. They were peculiar in this respect, that the eutectoid only 
developed on slow cooling, whereas when cooled in air and when quenched 
martensitic beta was preserved. 

Fig. 37 shows one of these early diffusion alloys, cooled in air, X33. 
In the lower part we have the dendrites of alpha passing up into marten- 
sitic beta. In the upper part dark etching dendrites of gamma grow down 
into the beta. On annealing the beta is replaced by a pearlitic eutectoid. 
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The resemblance of this series to the ferrite-cementite series was 
noted in the ^'Progress of Metallography for 1902^^ in Mineral Industry 
and illustrated by micrographs of air-cooled, quenched and tem- 
pered samples. 

The effect of rate of cooling on the hardness of these alloys and their 
constitution is shown in Fig. 38. The maximum at 103^3 per cent. A1 
and minimum at per cent. A1 are very striking. The constitutional 
diagram^^®^ shows that alpha is saturated at 10 per cent. Al, that from 10 
to 123-^ per cent. Al we have alpha grains in increasing amounts of eutectoid 



Fig. 37. — A diffusion alloy of copper and aluminum, cooled in air. X33. 

when slowly cooled and that from 123^^ per cent. Al up to 16 per cent, 
the gamma increases and the eutectoid decreases. 

The dotted line hv is the boundary of the cored alpha in sand-cast 
alloys and the dotted horizontal vw is the eutectoid-beta change in 
ordinary heating say at 560° C. The effect of the rate of cooling and the 
occurrence of martensite is well shown in the following illustrations. 

Fig. 39 is an alloy containing 10.2 per cent. Al., a 50-gm. melt cooled in 
the crucible, X450. It consists of alpha grains in a matrix of martensitic 
beta. On slow cooling in the furnace or on annealing just below the 
eutectoid line the beta breaks up into the eutectoid of alpha and gamma. 
Quenched from 900° C. the structure is entirely martensitic as in Fig. 41 
and the hardness is more than doubled. 



WILLIAM CAMPBELL 


1157 


Fig. 40 shows an alloy with 11.6 per cent. A1 annealed at 800° C. and 
slowly cooled in the furnace, X90. It is almost of eutectoid composition 
as there is only a small amount of white alpha rods and grains present. 
The matri.x resembles pearlite and is composed of fine plates of gamma 
in alpha. Fig. 41 is the same alloy quenched from 700° C. and is mar- 
tensitic beta, X90. The hardness is about the same as that of the 
furnace-cooled alloy. 

Fig. 42 shows the structure of a 50-gm. melt cooled in the crucible 
in air, X450. The junction of three martensitic grains are seen with a 
small amount of alpha precipitating at the grain boundaries. 



Fig. 38. — Aluminum bhonzk diagram. Bbinell hardness, annealed at 900° C., 

AND COOLED IN DIFFERENT WAYS. 

The variation in hardness of these quenched alloys with the aluminum 
content is apparently anomalous unless we explain it by the slip inter- 
ference theory and say that at 10} i per cent. A1 we have maximum 
interference to slip due to critical dispersion of gamma in the martensitic 
structure. Beyond this point the gamma becomes coarser and coarser, 
and in spite of the increase in amount there is less interference to slip. 
Beyond per cent. Al, it is the actual hardness of the gamma that 
causes increase in hardness. 

Comstock and Corse^"'®* have shown that the 10 per cent, aluminum 
bronze is markedly improved by the addition of 1 per cent, of iron. 
Further improvements can be made by small amounts of nickel, manganese, 
etc., as in the case of manganese bronze. These improvements are very 
marked in alloys after quenching and tempering as the figures in Tables 
1, 2 and 3 show. 
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Fig. 39. — 10.2 per cent. Al, air-cooled, martensitic matrix. X450. 

Fig. 40. — 11.6 per cent. Al, furnace-cooled from 800° C., pearlitic. X90. 
Fig. 41. — Same, quenched from 700° C. Martensitic. X90. 

Fig. 42. — Same, air cooled, martensitic. X450. 

Fig. 46. — Cu 80 per cent., Sn 20 per cent, chill-cast: alpha and eutectoid. 
X500. 

Fig. 47. — Same. Alpha and beta. X500. 

Figs. 48 ai«> 49. — Alpha and martensitic beta. X500. 

(Reduced one-third.) 
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The alloys were cast centrifugally and the cylinders cut and flattened hot and 
then the test pieces were machined out. Unfortunately, the threaded portions of 
the test bars had very sharp threads and several bars broke in the grips. However, 
there are enough figures to show what can be expected of this material, which has a 
remarkable resistance wear. Structurally the first alloy resembles that shown in 
Fig. 39 while the second and third are like Fig. 42, when air-cooled or quenched 
and tempered. 



Table 1. — Centrifugal Cast No, 1 


(Cu 89.45 per cent., A1 9.75 per cent., Fe 0 93 per cent ) 




d 

d 













cr 

CQ 

b 

0> 

ra 

cr 



bO 

'cSp 

flp 

CBX 

Treatment 

a> 

^ ft 

, 2 In., 
er Cen 

a 

o 

.o 



1 




'c 2 

PQ 


48-1 

As cast 

66,550; 26,900 35.0 36.0 

97.6 

53-3 

Quench at 850° C. Draw at 445° C., 30 min. 

62, OOOi 36,300 8.5 11.1 

129 

53-2 

Quench at 850° C. Draw at 610° C., 15 min. 

65,000: 31,600 24.5 25.2107 

53-1 

Quench at 850° C. Draw at 650° C., 15 min. 

63,600,31,950 24.0 25 2 

107 

53-4 

Forge at 675° C. Quench at 675° C 

86,250 34,20014.5 16.3 

153.4 

61-1 

As cast 

68,700 

25,450 36.5 35.3 

97.6 

-2 

-3 

Quench at 800° C 

71,500 

68,700 

36.35013.0 ,21.3 

34.50013.0 :19.6 

134 

139.4 

-6 

-7 

Quench at 800° C. Draw at 310° C., 30 min. 

71,800 

72,900 

37.60011.5 17.8 

32.40010.5 16.7 

143.4 

139.4 

-8 

-9 

Quench at 800° C. Draw at 400° C., 30 min. 

69,200 

72,000 

34,400 8.5 14.5 
32,900 8.25:13.0 

139.4 

139.4 

-10 

-11 

Quench at 800° C. Draw at 500° C., 30 min. 

63.800 

69.800 

39,100j 8.0 11.1 
36,80010.0 12.2 

121.4 

121.4 

-4 

-5 

Slow from 900° C 

52,500 

51,100 

27,85018.0 18.5 
27,55024.9 16.2 

89.6 

89.6 
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Table 2. — Centrifugal Cast No. 2 


(Cu 81.49 per cent., A1 10.68 per cent., Fe 4.26 per cent., Ni 3.68 per cent.) 


CBX 


Treatment 


49-1 

62-1 

-2 

-3 

-6 

-7 

-8 

-9 

-10 

-11 

-4 

-5 

54r-3 

-2 

-1 


As cast 

As cast 

800° C., 20 min. and quench 

800° C., 20 min. and quench 

800 °C., draw 310° C., 30 min 

800° C., draw 310° C., 30 min 
800° C., draw 400° C., 30 min . . . . 

800° C., draw 400° C., 30 min 
800° C., draw 500° C., 30 min 
800° C., draw 500° C., 30 min 

800° C., furnace cool 

800° C., furnace cool 

Quench at 850° C. Draw at 445° C., 30 min. 
Quench at 850° C. Draw at 610° C., 15 min. 
Quench at 850° C. Draw at 650° C., 15 min. 



I 92,100 40,150 
I 99,000 60,800! 
i 71,700; 62,700' 
I 70,800| 61,200j 
104,700 69,900 
i 100,800 72,500; 
I 97,000 I 

101,540 ! 

i 119,250 
'116,720 : 

; 80,300 55,400 
; 75,200 50,400 
I 66,800 31,100 
93,500 63,150 
104,650 32,650 


5 

0 

6 

6 

192 6 

5 

5 

7 

0 

o 

o 

1 

5; 

2 

3 

248 

2 

0 

2 

0 

248 

1 

0 

0 

4 

286 

1 

0 

1 

5 

272 


1 



316 





300 

3 

,0 

4 

3 

i 

165 

2 

0 

3. 

■8', 

165 

0 

0 

0 

8 

286 

4. 

0 

6. 

6 

200 

5. 

0 

6. 

,6 

281 


Note: Samples 8, 9, 10 and 11 broke in the threaded part of the test pieces. 
The broken pieces were turned down to smaller size and again pulled. Nos. 8 and 
9 again broke in the threads at the load given in the table. Nos. 10 and 11 broke in 
the reduced section which however was too small to deteimine the yic'ld point or 
elongation. 


Table 3. — Centrifugal Cast No. S 

(Cu 79 01 per cent , A1 10.54 per cent., Fe 3 09 per cent., Mn 1 62 per cent , Ni 3 64 per cent ) 


CBX 

Treatment 

cr 

CCI 

O' 

U1 

- (h 

i ^ 

' o 

i « 

be 



.a 

K. a 

1 

I « O 

'-'Ph 

-U 

K 

' %o 
aO 

c 2 

I « 

51-1 

As cast 

94,500 

37,35011.0 

11.1 165 

52 

Forged at 675° C., then quenched at 675° C. 

106,800 

41,900 6.5 

9 5 

185 

63-1 

As cast 

95,100 

51,800 10.5 

13.7 

159 

-2 

800° C., 21 min. Quench 

94,000 

51,700 5.0 

9 7 

170.6 

-3 

800° C 

102,900 

57,200 8.0 

10.5 

170.6 

-6 

800° C., draw 310° C., 30 min 

101,800 

45,000! 8.0 

10.4 

170 

-7 

800° C., draw 310° C., 30 min 

101,800 

42,600 

8.0 

9.7 

170 

-8 

800° C., draw 400° C,, 30 min 

99,600 

48,800 

5.5 

7.0 

185 

-9 

800° C., draw 400° C., 30 min 

94,900 

50,200 

5.0 

9.0 

170 

-10 

800° C., draw 500° C., 30 min 

99,700 

50,200 

7.5 

7.8 

177.4 

-11 

800° C., draw 600° C., 30 min 

99,200 

51,200 

8.5 

10.7 

170.5 

-4 

800° C., and furnace cool 

84,800 

53,700 

7.0 

11.6 

159 

-5 

800° C., and furnace cool 

90,600 

51,200 

8.5 

10.8 

159 
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Progress in Our Knowledge of the Constitution of Alloys 

Twenty-five years ago our knowledge of the constitution of alloys 
was confined to microstructure and one or two simple curves. Of the 
complex series such as the brasses and the bronzes we had only the 
liquidus curves of Roberts-Austen and Stansfield. The liquidus and the 
transformations in the solid had not been determined until the remarkable 
paper on the copper-tin series by Heycock and Neville. This work 
gave a new impetus to the study of the constitution of alloys in general. 

Having determined the liquidus and solidus for various systems, some 
of the more painstaking workers turned their attention to the accurate 
determination of the solubility curves in the solid state, and the results 
marked a further advance in our knowledge. As an example of this, I 
might mention the solubility curve of CuAU in Al, from which Merica^^^^ 
and his associates explained the hardening of duraluminum, a marked 
advance along the road to the slip interference theory of hardness. 

As an example of the constant changes in constitutional diagrams 
made necessary by new work we have only to consider the copper- 
tin series. 

In October, 1899, the author started work in Roberts- Austen ^s labora- 
tory at the Royal School of Mines with a view to explain the complete 
freezing-point curve of the copper-tin alloys of Roberts-Austen and 
Stanfield, published in the Fourth Report of the Alloys Research Com- 
mittee, and to note the change of structure due to casting and rapid 
cooling. The results of this work were published in December, 1901, as an 
appendix to the Reports of the Alloys Research Committee, and appear 
very crude alongside those of Heycock and Neville. They did, however, 
show the existence of the eutectoid at about 26 per cent, of tin and of a 
second eutectoid structure in the alloys around 34 per cent, of tin. 

And here 1 would like to pay tribute to two kindly gentlemen, for when Heycock 
and Neville discussed the paper at the meeting, they said they were very much inter- 
ested in the paper because it showed that two sets of workers had been going over 
the same ground quite independently and simultaneously, and wherever their experi- 
mental methods were comparable they seemed to have obtained the same results, 
but they had taken advantage of the theory of Prof. Bakhins Rooseboom, con- 
cerning the manner in which complexes solidified when they formed solid solutions, 
and by means of that theory they were able to state the results in a form which, 
though still difficult, was perhaps a little easier to grasp. They could just as easily 
have said that I knew nothing about the physical chemistry of solutions and there- 
fore could not interpret the results I obtained, which would have been no more than 
the truth. We sometimes forget that such kindly interest is like manna from heaven 
to the young beginner who needs all the encouragement we can give him. 

Just as Roberts-Austen^s diagram settled once for all the liquidus 
curve, so the Heycock and Neville diagram forms the basis of the solidus 
and changes in the solid. 
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In 1906, Shepherd and Blough^^^^ who had been working under Bancroft, 
published their diagram and explained the horizontal or the solidus at 
740° C. which Heycock and Neville left in doubt. Furthermore they 
placed a new eutectoid at about 575° C., when gamma breaks up into 
beta and delta. 

Corey^^^^ in 1915 worked on the limits of the beta + gamma field and 
the transformation of gamma into beta + delta. In 1913 Hoyt,^^®^ con- 
tinuing with Hanemann and Guertler, work started at Columbia, found a 
transformation in the alpha + beta field at 590° C. This has been 
explained in three different ways. Bauer and Vollenbruck^^^^ show it as a 
eutectoid of alpha and gamma, Stockdale,^^®^ 1925, as a transformation in 
the beta itself, while Isihara^”*^^ shows it as a transformation in the alpha. 

Fig. 43 is the diagram of 1915, showing the two eutectoid changes at 
H and I, and the limit of the alpha field at Ah^h^m. For alloys cooled in 



air or sand castings, the lower eutectoid is given to the broken line / 
and the boundary of the alpha field (unsaturated) by the line 
for beyond this the eutectoid is found in castings. Isihara^s diagram, 
Fig. 44, shows the heat effect at 580° C. as a transformation in the 
alpha. Another remarkable point about this diagram is the breakdown 
of gamma into a eutectoid at 580° C. 

Stockdale in 1925 found the point 62 at 13.3 per cent. Sn and 799° C., 
the eutectoid h^Hhi at 518° C. and the saturation point of alpha at 16 
per cent. Sn. The change at 590° C. is due to a polymorphic transforma- 
tion in the beta phase. Fig. 45 shows Bauer and Vollenbruck^s diagram 
to which have been added Stockdale^s alpha boundary as well as Hough- 
ton’s^^®^ (1921) results on the tin-rich side. 

Comparing these diagrams there are two main points of difference: 
First, the transformation in the alpha + beta field at 590° C. may be (a) 


* T. Isihara, 1924. 
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a polymorphic change in the alpha; (6), a polymorphic change in the beta; 
(c), the transformation of beta into a eutectoid of alpha and gamma. 
Second, the directional change of the beta + gamma field. In the older 
diagrams the gamma breaks up into a eutectoid of beta and delta (I, 
Fig. 43). This is missing from the two later ones and, (a), beta breaks 
up into a eutectoid of alpha and gamma (R, Fig. 45) or, (6), gamma breaks 
down into delta + eta (Fig. 44), 

Several years ago an attempt was made to settle the beta change by taking a 
small chill casting about 2 in. long containing 20 per cent. Sn and heating one end 
to the melting point while the other was held in water, and then quenching. The 
piece was polished and etched with ammonia and peroxide and then stained with 
Grard's solution (ferric chloride). 

Fig. 46 shows the structure of the metal up to the lower change point (518° C.) 
and consists of cored alpha in matrix of fine eutectoid of alpha and delta, X500. 



Fig. 47 shows the structure of the metal quenched in the range 518 to 590° C., cored 
alpha in a plain beta matrix. Fig. 48 shows the metal quenched above 590° C. alpha 
in a matrix of martensitic beta, and in Fig. 49, metal heated to near the melting point, 
much of the alpha has gone into solution and the beta is now strongly martensitic. 

If, however, the same experiment is performed on metal with a coarser structure 
is used, the transformation at 518° C. is not as sharp. A piece of slowly cooled metal 
of 20 per cent. Sn was heated differentially and quenched as before. Fig. 50 shows 
the structure of the original metal, alpha grains in a matrix of coarse eutectoid. Fig. 51 
shows the area heated to just over the lower transformation point. Much of the delta 
remains unabsorbed and the matrix is now a mixture of beta and delta. In Fig. 
52, the metal was heated somewhat hotter and now only the coarsest of the delta 
remains unabsorbed. Fig. 53 shows the change practically complete and the matrix 
is beta. There is no sign of a eutectoid structure. Fig. 54 was heated above the 
590° C. change and the beta is now martensitic; in Fig. 55 the metal reached 


‘Hoyt. Jnl, Inst. Metals (1913), X, 225; Bauer and Vollenbruck. Ztschr. f. 
Metallkunde, 26 , 119; Stockdale. Jnl, Inst. Met. (1925), II; Haughton. Jnl, Inst. 
Met. (1918), I, 222 (1921), I, 309. 
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^ 57 

Fig. 50. — Cu 80 per cent., Sn 20 per cent, sand-cast: alpha and eutectoid. 
X500. 


Figs. 51 and 52. — Same; alpha, beta and delta. X500. 

Fig. 53. — Same; alpha and beta. X500. 

Figs. 54 and 55. — Alpha and martensitic beta. X500. 

Fig. 56. — Cu 65 per cent., Sn 35 per cent.; delta and ^^eutectoid.’^ X90. 
Fig. 57. — Same; delta, eutectoid” and UusSn. X90. 

(Reduced one-third.) 
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the neighborhood of 799° C. and much alpha was absorbed by the beta which is 
still martensitic. 

The above seems to confirm the idea that the heat effect at 590° C. is due to a 
transformation in the beta (which is martensitic when quenched above 590° C.), 
but why is it confined to the alpha + beta field? 

The second point of difference is more difficult to unravel. That a eutectoid- 
like structure occurs around 34 to 35 per cent. Sn has been known since 1900. Yet 
Isihara is the first to show such a change in the diagram, all previous ones making 
gamma precipitate eta until it reached the composition 31.8 per cent. Sn when it 
transformed into delta or Cu 4 Sn. The following figures illustrate the occurrence of 
the eutectoid structure. 

Fig. 56 shows an alloy containing 35 per cent. Sn annealed and slowly cooled 
in the furnace, X90. The light areas are delta, or Cu 4 Sn, in which are patches with 
a pearlitic or eutectoid structure. 



Fig. 57 shows another area containing light areas of delta or Cu4Sn, dark patches 
of eta or CusSn with only a few small areas with the eutectoid structure, X 90. Accord- 
ing to Isihara’s diagram this alloy ought to consist of CusSn or eta and eutectoid. 
Until further evidence is produced we must accept the older diagrams as correct. 

To settle these questionable eutectoid points, a diffusion alloy about 2 in. high 
and 2 in. wide w^as prepared so that the composition varied from pure copper at the 
bottom to 38 per cent. Sn at the top, and a thin section cut out. One side was heated 
to the melting point while the other was held in w^ater in order to show in one piece 
all of the transformations up to 38 per cent. Sn. Unfortunately the corner corre- 
sponding to 30 to 38 per cent. Sn and from say 600° C. to the liquidus, broke up into 
small pieces on quenching and these could not be fitted together again. Imperfect 
as this was there was evidence that the eutectoid occurred at I. As soon as time 
permits this will be repeated, first mounting the specimen in a frame to prevent 
shattering on quenching. 

® Shepherd, 1904; Mathewson, 1917; Genders and Bailey (6, hy), and Gayler 
(b dht k m), 1925. 


1166 


TWENTY-FIVE YEARS OF METALLOGRAPHY 


The Brasses 

To Roberts- Austen and Stansfield^®^^ we owe the liquidus curves. In 
1904 Shepherd^s diagram^®^^ showed the transformations in the solid, and 
the limits of the various fields. In Fig. 58 the line is the solubility 
curve of beta in alpha, while 6164 and C 1 C 2 are the limits of the beta field. 
Roberts- Austen and Stanfield found a heat effect in the alpha + beta 
field about 450° C. which Shepherd could not confirm. 

Carpenter and Edwards^^^^ in 1911 however found this transformation 
extending from the alpha to the gamma boundaried and interpreted it as 
a breakdown of the beta into a eutectoid of alpha and gamma. 

In 1917, Mathewson and Davidson^^^^ redetermined the beta field 
boundaries and showed that the heat effect at 450° C. was a transformation 
in the beta. 



Fig. 59. — The brasses, travsformation in beta (Gayler). 


Until recently 363^^ per cent. Zn has been taken as the solubility of 
zinc in copper or the limit of alpha, as shown in Fig. 58 where 62^6 is 
drawn to indicate the boundary between the alpha and the alpha + beta 
fields in castings. 

In 1925, Genders and Bailey^®®^ redetermined this boundary and showed 
the limit was 39 per cent. Zn, while Marie Gayler^^®^ redetermined the 
beta field and the transformation temperature in the beta (Fig. 59). 
Thus the brasses being less complex, than the bronzes have been satis- 
factorily explained by the thermal diagram. 

Unfortunately, however, Westgrenand Phragmen,^^^^ 1925, have found 
by X-ray analysis that the thermal effect in the beta at 450° C. is very 
probably not a polymorpluc change, neither is it a breakdown into 
alpha + gamma, so that for the present its meaning must be left in doubt. 
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The Ternary Diagram of Copper with Zinc and 

Due to the fact that so many brasses contain tin and numerous cast 
bronzes contain more or less zinc, a knowledge of their constitution 
is important. With the changes in the CuSn and the CuZn diagrams in 
respect to the saturation points for alpha similar changes must be made in 
the ternary diagram shown in Fig. 60. Here the alpha + beta field 
corresponds to the Muntz metal type of alloys, and the alpha + eutectoid 
field represents the gun metal type. Between the two is a field in which 
the alloys consist of alpha + beta + eutectoid or alpha + beta + 
gamma. It is probable, however, that this is not in a state of equilibrium 



K. 

L 

M. 


Copper 
Per Cent. 

53.2 

57.0 

55.0 


Zinc 

Per Cent. 

36.0 
39 0 
43.4 


Tin 

Per Cent. 
0.8 
4.0 
1.6 


because it was determined by annealing above the temperature at which 
the eutectoid change occurs followed by slow cooling. To arrive at 
true limits determinations will have to be made on small chill cast ingots 
quenched and then annealed for a long time just below the transformation 
points in order to ensure the complete breakdown of the beta. 


Causes of Failure in Brasses and Bronzes 

One of the serious troubles that have been encountered in the past 
has been the mysterious cracking and failure of cold-worked brass con- 
taining over 25 per cent. Zn. This so-called season cracking was dis- 
cussed in 1914 by Heyn^^^^ and very thoroughly in 1918 by various 
authorities, especially that phase relating to cartridge brass, and is now 
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no longer a mystery. But in the cast bronzes and brasses we still encoun- 
ter troubles such as porosity, shrinkage cavities, intergranular films and 
weakness, which are all below the surface. The usual specification for 
gun metal (88Cu.10Sn.2Zn) calls for 30,000 lb. per square inch tensile 
strength in a sand-cast test-bar and yet 50,000 lb. with 30 per cent, 
elongation in 2 in. is not unknown in well-poured metal. 

Fig. 61 shows a section cut from a gun metal casting with a tensile 
strength of 37,650 lb. per square inch and 16 per 'cent, elongation in 2 in., 
X450. It consists of cored alpha with small evenly distributed patches 
of the eutectoid surrounded by saturated alpha. The cores of the alpha 
are full of slipbands, because the specimen was cut from the threaded end 
of the text-bar. 

Fig. 62 shows an area in a piece with 22,900 lb. per square inch tensile 
strength and 4 per cent, elongation, X450. At the grain boundaries 
are films and partings which account for the poor physical properties. 
Such a test-bar has a dull reddish-gray fracture and the explanation 
usually given is that the metal is oxidized and due to poor melting. 
Now the oxide formed in poor melting is Sn02 as Ileyn^^^^ showed many 
years ago, because the CU 2 O formed in melting the copper is reduced by 
the addition of tin. The tin oxide formed occurs in small grains or 
crystals and is comparatively harmless. That such is so can easily be 
demonstrated. If copper is melted in air so as to be well oxidized and tin 
or bronze is then added, the alloy will show numerous distinct crystals 
or grains of Sn 02 . 

Fig. 63 is a piece of an alloy made from oxidized copper (melted in air) 
and 15 per cent. Sn added after melting, X90. The dark crystals are 
oxide of tin which show no tendency to form films. Fig. 64 is part of a 
diffusion alloy made by melting copper in air and pouring on top an alloy 
with 20 per cent. Sn, X400. The matrix is a bronze corresponding to 
about 10 per cent. Sn whereas the oxide occurs in tiny grainstand not 
as films. 

Rawdon^®^^ and Comstock^®^^ have both discussed this subject at length, 
and we must conclude that oxides as such are relatively unimportant 
and that dendritic shrinkage cavities and films or partings are the main 
cause of failure. 


Effect of Heat-treatment in Alloys 

Very little work of any practical importance was done on the heat 
treatment of alloys until the discovery of duraluminum and its heat 
treatment by Wilm.^®^^ Merica^s explanation of the role of CuAU in the 
hardening of copper-aluminum alloys, followed by Jeffries and Archer's 
use of these alloys to illustrate their slip interference theory of hardening, 
caused a wide interest in heat treatment of alloys in general. The role 
of Mg 2 Si in the age hardening of duraluminum and of Rosen- 
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Fig. 61. — Gun metal; inhomogeneous alpha and eutectoid. X450. 

Fig. 62. — Same; oxide films. X450. 

Fig. 63. — Tin oxide in bronze. X90. 

Fig. 64. — Same. X400. 

Fig. 69. — Manganese bronze, quenched prom 740° C; beta. X500. 

Fig. 70. — Same, quenched from 710° C., drawn to 300° C., martensitic. X500. 
Fig. 71. — Naval brass, quenched prom 600° C., alpha and beta. X500. 
Fig. 72. — Same; quenched from 600° C., drawn to 400° C., alpha and eutec- 
toid. X500. 


(Reduced one-third.) 
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hain^s Y alloy was brought out by the Eleventh Report of the Alloys 
Research Committee/®^^ 

Recently Dean, Zickrick and have shown that lead can be har- 

dened by antimony in exactly the same way, and now there is a renewed 
interest in solubiUty curves in solid metals. Probably the most remark- 
able results are those obtained by Sykes^®^^ in the hardening of iron by 
molybdenum on quenching and ageing. 

In all of these cases the results depend on heating the alloy to a 
temperature above the solubility curve in order to obtain a homogeneous 
solid solution, followed by a quench. The alloy is then aged to allow 
the precipitation of the phase in solution in what is called ‘^critical dis- 
persion’^ to obtain the best physical properties. 




Fig. 65. — Effect of quenching and tempeuing on manganese bronze: A, 
CZX.216 (Cu 59.33, Zn 38.0, Fe 0.98, Mn 0.76, Sn 0.62, Al 0.22, Pb 0.13) held 1 

HR. AND quenched; B, SAME ALLOY QUENCHED AT 710° C., REHEATED I^OR 1 HR. AND 

SLOWLY cooled; C, CZX.215 (Cu 59.6, Zn 32.7, Fe 1.31, Mn 0.56, Sn 0.45, Al 0.10, 
Pb 0.17) HELD FOR 1 HR. AT 725° C. AND QUENCHED, REHEATED FOR 1 HR. AND SLOWLY 

cooled; D, CZX.217 (Cu 58.75, Zn 30.9, Fe 1.25, Mn 0.83, Sn 0.47, Al 0.09, Pb 0.17) 

HELD FOR 1 HR. AT 725° C. AND QUENCHED, REHEATED FOR 1 HR. AND SLOW^LY COOLED. 


Simpler forms of heat treatment are found in the case of castings such 
as gun metal, the aim being to make the cored inhomogeneous alpha grains 
and dendrites homogeneous by diffusion and absorb the small patches of 
eutectoid. Work along this line has been done by Rawdon,^®®^ by Smart^®®^ 
and by Comstock. 

Rawdon found that although the tensile strength of gun-metal castings 
was not materially affected, there was a great increase in ductility when 
annealed between 600 and 700° C. Smart records an appreciable increase 
in tensile and a very marked increase in elongation in bars annealed at 
600° C., and Carson^^^^ found a slight maximum in tensile strength on 
annealing at 700° C. for one hour, but the elongation was doubled by 
annealing at 650 to 700° C. 
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Very little has been published on the heat treatment of manganese 
bronze. Comstock says that the effect of quenching manganese bronze 
in water from a red heat is to fill the metal with invisible cracks and ruin 
the tensile properties. 

At Columbia, however, various samples of manganese bronze have 
been quenched and tempered with marked increase in tensile strength 
and yield point, though at some sacrifice in ductility. Young^^^) showed an 
increase in strength from 60,000 lb. per square inch as cast to 80,000 lb. 
when quenched from 700° C. Tempering causes a gradual decrease 
in strength as shown in the accompanying chart. Fig. 65. Two other 
series are also shown, which unfortunately do not give the physical 
properties as quenched. 

1 ^ Similar experiments were made with Naval brass by Carson. The 
metal as cast had a tensile strength of a little over 34,000 lb. per square 



Fig. 06. — Effect of heat treatment op naval brass dry-sand castings (Lab. 

8er. CZX.349, Cu 62.85, Zn 35.27, Sn 1.84, Fe 0.04, Pb 0.00). 

inch and an elongation of about 8 per cent. Quenching from 600° C. 
gives a tensile strength of 54,000 lb. per square inch and an elongation of 
44 per cent. Tempering has little effect up to 250° C. but beyond this 
both the strength and ductility fall off, as shown in Fig. 66. 

The changes of structure in both manganese bronze and Naval brass 
due to heat treatment are very interesting, and explain the changes in the 
physical properties. 

Cast manganese bronze consists of small rods and granules of alpha 
in a matrix of golden yellow beta. It resembles Muntz metal. On 
heating, the beta tends to dissolve the alpha until the solubility curve 
passed and we have nothing but beta (see Fig. 59). By quenching this 
beta can be retained. Fig. 69 shows a sample quenched at 740° C., X500, 
and consists of beta grains with a few spicules of the blue constituent 
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characteristic of most manganese bronzes. Now in tempering, the beta 
tends to break down and precipitate the excess alpha and a beautiful 
martensitic structure results. Fig. 70 shows a sample, X500, quenched 
at 710° C. and tempered at 300° C. producing a structure near akin 
to martensite. 

Cast Naval on the other hand consists of alpha grains with a network 
of eutectoid. When quenched from above the eutectoid change the 
metal consists of alpha and beta. Fig. 71 shows the effect of quenching 
at 600° C., which gives alpha and beta, X500. On tempering the beta 
tends to break down into the eutectoid again, but as the hard gamma 
usually precipitates in the crystallographic planes of the beta, a marten- 
sitic effect often results, as Fig. 72, X500, shows where the sample was 
quenched at 600° C. and drawn at 400° C., producing alpha and eutectoid. 

A Short Summary in the Heat Treatment of Comniereial Brasses and 

Bronze Castings 

Gun Metal . — Copper 88, tin 10, zinc 2. The results of annealing depend to a 
great extent on the original composition and structure. Heating to 700° for 1 hr. 
produces homogeneous alpha and dissolves all of the eutectoid. In the ease of good 
castings, this may give a decided increase in strength, and a marked increase m 
ductility. Most castings, however, are not good and show numerous cavities and 
films. If annealing causes the surfaces of tluvse films to oxidize, slight imjmovc'ment 
occurs, in fact the annealed ‘material is generally poorer than the cast because' tlui 
improvement caused by the more homogeneous structure is more tlian b:danced by 
the deterioration due to the enlargement of the films. Where castings sliow high 
strength but are low in ductility due to segregation of the eutectoid, it will be found 
advantageous to anneal at from 600 to 700° C. 

Bearing Bronze . — Copper 84, tin 12.5, zinc 3.5. The effect of annealing on micro- 
structure is of the same nature as that in gun metal. The alpha grains become 
homogeneous and the eutectoid is taken into solution up to the saturation point of 
the alpha which is over 12 per cent. Sn. Annealing, therefore, results in a slight 
increase in tensile strength, a drop in yield point and a marked increase in the duc- 
tility. Annealing between 600° C. and 700° C. may be resorted to wdiere improve- 
ment in tensile strength and ductility are required. In the case of the lead-bearing 
metal, there is a tendency for the lead to oxidize at the surface when the higher 
temperature is used. 

Phosphor Bronze . — As in gun metal, the effect of annealing depends on the original 
structure. Annealing tends to make the alpha homogeneous and causes the eutectoid 
to go into solution. In faulty material, due to films, annealing may make the metal 
worse due to oxidation of the film surfaces. The general effect of annealing on the 
strength and ductility is the same as in gun metal. In this work 600° C. caused 
marked increase in the elongation without affecting the strength. 

Coat Bronze . — Copper 63, zinc 32, tin 2, lead 3. On account of the fact that 
there is more than enough eutectoid to saturate the alpha grains with tin on anneal- 
ing, but slight improvement can be expected as in the case of H metal. To get any 
marked improvement, the metal ought to be quenched from about 600° C. as in the 
case of Naval brass. 

Naval Brass . — Copper 63, zinc 35, tin 2. As in the last material, there is more 
eutectoid than can be dissolved by the alpha hence annealing has no very marked 
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effect on the strength or ductility. On the other hand by quenching at 600° C. an 
enormous increase in tensile strength and ductility results. The metal ought not 
to be drawn above 250° C. otherwise loss in ductility occurs. This is due to the 
fact that quenching produces a mixture of alpha and beta, resembling Muntz metal. 
Annealing at 300° C. or higher causes the unstable beta to break down, due to the 
precipitation of the hard gamma constituent with a resulting loss of ductility. 

Manganese Bronze . — The effect of annealing on manganese bronze depends on 
the original structure. Metal which has been very rapidly cooled may have its 
ductility increased by annealing to 600° C. followed by slow cooling. The effect 
of quenching and tempering varies with different grades of material. Sometimes 
a very marked increase in strength and a more marked increase in yield point can 
be obtained by quenching at temperatures between 600 and 650° C. without reduc- 
ing the ductility below specifications. The effect of drawing this material after 
quenching, is to decrease the strength progressively with perhaps a slight decrease 
in ductility. An anneal at 300° C. is sufficient to remove quenching strains. 
In other cases, the effect of quenching, while it increases the tensile strength and 
yield point, is to ruin the elongation and this can not be restored even by reheating 
to high temperatures. It would therefore seem that no mles can be formulated in 
regard to manganese bronze as regards its behavior on quenching and tempering 
and that each different grade must be tried out by itself. 

The Application of Metallography to Nox-metallic Material 

The success of the use of metallographic methods applied to the 
commoner alloys led to investigations outside the field of metals.^ Thus 
the phosphides, silicides, sulfides, selenides, tellurides, arsenides, the 
mattes and spoisses have been investigated notably by Friedrich^^’^^ and his 
associates. At the same time the silicates systems have been most 
carefully and thoroughly studied. In this connection the work of the 
(leophysical Laboratory is of outstanding importance and the ternary 
systems of Si02“Al202-Ca0-Mg0 have been accurately determined. 
McC'affery^^^^ has worked out the quaternary system and is now applying 
it to iron blast-furnace slags. Unfortunately, we yet lack knowledge of 
the systems containing FeO, and until we do have this, open-hearth slags 
will remain an unsolved problem as far as constitution. 

Professor Howe was always hoping that someone would devote himself 
to the study of the constitution of slags. He frequently emphasized the 
absurdity of giving formulae to what are undoubtedly mechanical 
mixtures, and said that it was only want of courage that made us afraid 
to cast off the old ideas of formula, which was inexcusable in view of 
Vogt’s work of 1903 .^^^^ And here one might recall the discussion of the 
two famous metallurgists, as to the constitution of speiss in lead blast- 
furnace smelting, was it FesAs or Fe5As2? Under the microscope of 
course both are mechanical mixtures, being alloys of Fe and Fe2As, 
which form a eutectic of 30 per cent. As at 840 ° C. 


^ A summary of the non-metallic systems is given in Liddell’s Handbook of Non- 
Ferrous Metallurgy. (1920), 1, 45. 
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A considerable amount of work has been done on the salts and this 
has been used in metallurgy, especially as applied to baths, fluxes and 
the like. 

One of the most interesting studies is that of opaque ores.^^®^ We have 
manuals by Murdock,^^^^ Davy and Farnham,^^^^ Schneiderholm^^®^ and by 
Van de Veen,^^^^ settingforth the methods and application. The wonderful 
work of Graton and Murdoch, of Tolman and Rogers^®^^ show what can 
be accomplished. Here again Professor Howe showed a keen interest 
and some of the early work was done in his laboratory on the nickeliferous 
pyrrhotites,^®^^ on the titaniferous magnetities and other materiah®^^ 
at the instigation of Professor Kemp. 

Probably the newest application is the examination of polished sec- 
tions as an aid to problems in ore dressing. The minute associations 
of the opaque constituents can only be determined in this way and the 
method has been made part of the laboratory work in Professor Taggart’s 
course at Columbia. 

Widespread Influence of Professor Howe 

How much credit in the development of the new science of physical 
metallurgy is due Professor Howe is not generally understood. His 
influence was not limited to his own students as a letter from Dr. Jeffries 
so amply testifies. 

I received my first metallographic training at the South Dakota State Scliool of 
Mines, from Professor Fulton, who was one of Howe’s students and admirers. He 
used Howe’s ‘‘Iron, Steel and Other Alloys” as a text, and I strongly suspect that 
it was the clarity wdth which Howe presented his subject, together with the very 
clear method of putting Howe’s results before us by Professor Fulton that gave me 
a leaning towards metallography. “Iron, Steel and Other Alloys,” at the time I 
was in school, proved to be the most stimulating of any of the books to which I had 
access. In addition 1 was always eager to read Professor Howe’s technical papers. 

At Case School of Applied Science prior to 1914, 1 had done considerable w^ork on 
grain growth in metals, but in 1914 I became especially interested in the subject 
because I was studying drawn tungsten wire which was used for lamp filaments, and 
the subject of grain growth is one which is vital in that connection. In this study I 
arrived at what seemed to me to be some new principles of grain growth and, because 
I considered Professor Howe the world’s authority on this subject, I arranged to 
visit him at his home at Bedford Hills to discuss these principles with him. This 
was on July 1, 1915. Professor Howe was much interested in my results, and we 
began a correspondence which only ended with his untimely death. 

While I was preparing to present my findings in the form of a paper, Mathewson 
and Phillips, work on “Recrystallization of Cold-Worked Alpha Brass on Anneahng’' 
was published. I presented in a discussion of this paper the elements of what is 
now known as the germinative temperature hypothesis of grain growth, which I first 
called critical temperature for grain growth. I then began preparation of a more 
extensive paper which was later published under the title “Grain Growth Phenomena 
in Metals.” At the same time Professor Howe began preparation of his paper “On 
Grain Growth” and used my discussion of the paper by Mathewson and Phillips as 
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the basis for his paper. Wc corresponded freely with each other during the prepara- 
tion of both of these papers, and it was by private correspondence that he informed 
me of this suggestion to use “germinative temperature'^ in place of ^‘critical tem- 
perature" for grain growth. He insisted that my paper on grain growth phenomena 
in metals be published ahead of his because, as he put it in a letter to me: “I do not 
wish it to appear that I am stealing your thunder." 

The correspondence with Howe was most pleasant. It was indeed fortunate 
that he was able to give his attention to this subject of grain growth because he had 
the faculty of presenting things so clearly in writing that the subject matter became 
more generally understood and adopted. The science of metallography was there- 
fore greatly enriched because he took up anew his subject of grain growth in 1916 
and later. 

With reference to the general theory of hardness which 1 believe was crystallized 
by Archer and myself, one of the principles of slip interference is the ‘‘obstruction 
j)rinciple." This principle was named by Howe and the mechanism was clearly 
explained by him. It is that portion of the slip interference theory which deals with 
tlie obstruction of slip in a soft constituent by the presence of a harder substance, 
the harder substances being present in particles of the same order of size as the grains 
of softer metals themselves. Unfortunately Howe did not carry his principle to 
its more or less logical conclusion, namely, to the slip interference caused by very 
small particles imbeded within a larger crystal. Had he done this it is very likely 
that he would have put forward the theory about as it now stands, well in advance 
of Ids death. His contribution to the subject of hardness and hardening, however, 
can hardly be overestimated because he made it possible for hundreds of W'orkers 
in this field to gain a clearer conception of the internal structure of metals and the 
relation between structure and properties to which our present theories represent 
only extensions. Of all of the ^\orkers of the world in the field of metal science, it 
seems to me that Howe’s influence has been the greatest. 

Perhaps I have wandered a little afield, from my purpose to show 
martensitic structures in alloys resulting from quenching or quenching 
and tempering, just as in steel. If 1 have seemed to dwell too much on 
the work done at Columbia, it was because I wanted to give examples 
which came from Howe’s laboratories — for he it w^as who laid the 
foundations and began our work of research, in physical metallurgy, 
who suggested and generally guided all of the work that was done during 
his professorship, and when he became emeritus professor he continued 
to inspire us with his visits and suggestions. Nay, more, he so drilled 
us all in his methods, and clear manner of thinking that today we can 
say with some little truth his way is our way and I trust always will be. 
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Abrasive sands photomicrographs, 441-444. 

properties and uses, 439-443. 

ArUon of Reducing Gases on Healed Copper (Bas- 
sett and Bradley), xxvi, 755, Dis- 
cussion, 770-775. 

Admiralty tube, structure, photomicrograph, 
1140. 

Adsorbent films* see Film irater. 

Adsorption theory, modification, aluminum-sili- 
con alloys, 585. 

Aerator tank, construction, 95. 

Aerators* see Feme sulfate and sulfuric acid, from 
roaster gas. 

Age-hardening, alloys, method, discus.sion, 539 

Air: density, variability, 1011. 

oxygen content* 1011. 
weight, 1011. 

see also Open-hearth furnace. 

Air gap see Neumann bands, formation. 

Air lifts. Standard Reduction Co. mill, 330. 

Air Sand Process of Cleaning Coal (Fr\ 8ER and 
Yancy), xxvii. 

Air Service (U. S. ) specifications, casting Al- 
Cu-Si specimen.s, 400. 

Aio, Ariz. : see New Cornelia Copper Co. 

Alabama, stone-sawing sand, photomicrograph, 
442. 

Alaska (Petroleum Production) (Smith), xxiv. 

Albany sands: comparison with furnace-bottom 
sand, 390. 

stripping* problems, 381-382. 
view, 383. 

Alexander, H. H.; Discussion on The Con- 
ductivity of Electrolytes Used in the 
Elcctrolytical Separation of Gold and 
Silver, 121. 

Alkalies, in glass sands, occurrence and effect, 
405. 

Alkali-halide crystals: see Atomic structure. 

Alkaline concentrations, flotation, sulfides, effect, 
356, 301. 

Allen, II. P. : Discussion on Chlondtzing Mill of 
the Standard Reduction Co., 338. 

Allen, H. P. and Madge, W. C. : Chloridizing 
Mill of the Standard Reduction Co., 
XIX, 317-338. 

Tintic Standard Co.'s Mill, xviii. 

Allison, V. C. : Explosibility of Coal and Other 
Dusts in a Laboratory Steel Dust- 
gallery, xxvii. 


Allotrophic theory, steel hardening, 1145. 
Allotrophy, definition, discussion, 850. 

Alloys: constitution, discussion, 1161. 
heat treatment: effect: 1168. 
curves, 1170, 1171. 

see also N on-ferrous alloys and alloys, named. 
Alpha iron; arrangement of atoms, diagram.s, 
852 

characteristic Neumann bands, 900. 
solubility of carbon in, 1146. 
theory, steel hardening, 1145. 

Alumina: in electrolyte, effect, 61, 80. 

in glass sands, occurrence and effect, 401. 
Aluminum: effect in brasses: 805, 816, 825. 
pnotomicrographs, 808, 827, 828. 
impurities in, effect on solubility of copper, 
579. 

in open-hearth slag* variation, 1083, 1090. 
during working period, curve, 1090. 
Aluminum alloys: intercrystalline bnttleness, 
photomicrograph, 753. 
slow cooling* effect: 575. 

photomicrographs, 575-576. 
structure photomicrographs, 3158. 

•see also alloys named. 

Aluminum brass: effect of iron, data, 824. 
effect of nickel: 816-822. 
data, 803, 823. 
photonucrographs, 804, 805. 
effect of nickel and iron, data, 826. 
effect of nickel and tin: data, 826, 
photomicrographs, 827, 828. 
introduction of nickel and iron, method, 
826. 

introduction of nickel, method, 816. 
Aluminum bronze: diagram, sketch, 1157. 
iron in, effect, data, 1159, 1160. 
manganese in, effect, data, 1160. 
nickel in, effect, data, 1160. 
Aluminum-copper alloys: aluminum end, dia- 
gram, 567. 

cooling curves, tests, description, 562. 
equilibrium relations: discussion, 568-574. 

tests and reifults, 560-580. 
eutectic temperature, 568. 
hardness, data, 476-478. 
discussion, 469. 

photomicrographs: different amounts of cop- 
per, 565-666. 
melted areas, 569, 570. 
precipitation theory, 577. 
slip interference theory, 578. 
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Aluminum-copper alloys: specific gravity, 469, 
476-478. 

test specimens: description, 561, 580. 
preparation, 561. 

Aluniinum-copper-nick el-manganese alloys: see 
Piston alloys. 

Aluminum-copper-sihcon alloy: casting, specifica- 
tions, 466. 

gated, views, 465, 466. 

heat treatment: factors controlling, 464. 

specifications, 466. 
mechanical property tests: 467-469. 
results: curves, 470-472. 
data, sand cast, 476. 

heat-treated, 477-478 
discussion, 471. 
shear tests: 467. 
data, 476-478. 

structures, photomicrographs, 473-475. 
uses, 465. 

"X constituents,” composition, 625, 626. 
effect, 622. 

Aluminum-iron-silicon alloys: equilibrium, deter- 
mination, 622-626. 
diagrams, 624, 625. 
silicon in, function, 464. 

Aluminum-silicon alloys: advantageous proper- 
ties, 616. 
coastitution: 582. 
diagram, 586. 
discussion, 586, 621. 
iron in, limits, 619. 

occurrence, manner, 582, 583, 587. 
largest cast, 620. 
modification* effect, 582. 

experiments; conclu.sions, 616. 
method, description, 591. 
raw materials, chemical analyses, 591. 
results; curves, 595, 597, 598, 600. 
data, 596, 599-602. 
discus.sion, 613. 
summary, 618. 
process, 587. 
theories, 585. 

modified: annealing, effect, 621. 
effect of iron, 598. 

photomicrographs, 583, 584 , 603-613 
physical properties; effect of iron, 602, 615. 

effect of silicon, 601. 
sodium loss on standing: curve, 594. 
data, 596. 
discussion, 590. 

test bars, chemical analysis, 594. 

Navy specifications, 619. 
normal: photomicrograph, 582, 583. 

physical properties, 600. 
normal and modified, properties, curves, 597. 
sand cast, modification, definition, 581. 
silicon content, effect, curve, 600. 
test bars: chemical analyses, 599. 
molds, views, 590, 593. 

Alundum hood, determination of fusion tempera- 
tures, view, 969. 

American Brass Co., determining sulfur and 
oxygen in refined copper, apparatus, 
view, 785. 


American Foundrymen’s Assoc., joint meeting, 

XX. 

American Glass Sands, Their Properties and 
Preparation (Fettkk), xxv, 398; 
Discussion, 422-423. 

A. I. E E., joint session, xxii. 

A. I. M. E.: Directors, 1926, 1927, xi. 
meetings: Casper, Wyo., sessions, xix 
New York, 1926, xxi. 

sessions, xxii. 

Salt Lake City, 1925, xvii 
sessions, xviii. 

Syracuse, xx. 
sessions, xx. 

members, deaths, notices, xxxi, xxxii 
officers, 1926-1927, xi. 
publications, policy, iii 
Salt Creek field, symposium, xix 

American Smelting & Refining Co : A 1 M E 
trip, xvii, 

Murray, Utah, plant, equipment, 173. 

A S C E , joint session, xxii. 

A S. M. E , joint session, xxii. 

Ammonia, blowholes in rimmed steel, discussion, 
1032, 1036. 1012, 1045 

Ammoniucal peroxide, as etching reagent, 733 

Ammonium nitrate: see Electrolytes, gold and 
silver separation. 

Amorphous Cement and the Formation of Ferrite in 
the Light of X-ray Evidence (Folk^ ), 
XX, 850, Discussion, 857-858 

Amoriihous intercrystalliue cement, criticism of 
theory, 855 

Amorphous-iron theory, steel hardening, 1145 

Anaconda Electrolytic White Lead (Bowman), 
xxv, 146. 

Anaconda leaching plant, data, 106. 

Anaconda Lead Products Co : see Sperry process, 
electrolytic white lead. 

Analyses: see (Jopper, conductivity and ductility 
test; Copper tubes; Ferromanganese, 
Ferrosilicon; Heterogenous roclis; 
Homogenous rocks; Illuminating gas; 
Industrial sands; Lead blast-furnace, 
slag; Nickel silver, test specimens; 
Open-hearth proces.s, equilibrium tests, 
Slag, steel bath during run; Tube-mill 
feed and products. 

Anuekhon, a. E.: Discussion on. Recovery of 
Copper by Leaching, Ohio Brass Co of 
Utah, 56, 57. 

Anderson, A. E. and Cameron, F. K.; Recovery 
of Copper by Leaching, Ohio Copper Co 
of Utah, xviii, 31. 

Annealing: duration, copper-aluminum alloys, 
effect, 572. 

see also Aluminum-silicon alloys; Iron, cold- 
worked ingots; Lead-antimony alloys. 

Annealing cracking: see Nickel silver. 

Annealing Cracking of the Nickel Silvers (Jones 
and Whitehead), xx, 834; Discus- 
sion, 849. 

Annealing of Commercial Copper to Prevent 
Embrittlement by Reducing Gases 
(Leiter), xxvi, 776; Discussion, 782- 
783. 
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Anode slime, Sperry process, production and 
recovery, 166. 

Anodes: efficiency, variation, control, 61. 
Krai>hite, characteristics, 60. 
leachiiiK copper ores, choice, 60 
lead, characteristics, 61 

molding and pressing, electrolytic white lead, 
150-152. 

precious metal content, ratio to percentage 
loss, 144. 

stripping, Nichols series process, 137 
see also Electrolyxin, copper, Nichols series 
process; X-ray anode 

Anodic oxidation, ferric iron hy, cheapness, 9H 
use and advantages, leaching and reduction, 
85. 

Antiacid, as a term in copper leaching, 81 

Anti-knock Gasolines and Special Engine Derelop- 
rncnt (SeAKHO\\ ), xxiii. 

Antimony, solubility in lead 507. 
effect of aging, curve, 510. 

Antimony-lead alloys sec Lead-ant iviony alloys 

Antimony-tin-lead alloys- see Lead-anlimony-tin 
alloys. 

Apochromatic system, comparison with mono- 
chromatic, 019 

Appalachian Fields (Petroleum Production) (Ttk.n- 
ni’LL), XXIV. 

Application of ('ottrell Process in Lead and Copper 
Smelting (Labde), xviii. 

A pphcatxon of Afining Tar Laws to the Piti oleum 
Industry (1)\.\fokd), xix. 

Au('HEU, ]{. S- Discussions on' The Lead 
Antimony System of Hardening of 
Lcatl Alloys, 530 

Modification and Properties of Sand-cast 
Aluminum-silicon Alloys, 620 621. 

R S and Kemp, L W : Modification 
and Properties of Sand-cast Aluminum- 
silicon Alloys, XXV, 581-610 

Arcofnix, physical iiroperlies, 302 

Arcnts’ siphon tap, removing lead from blast 
furnaces, 187. 

Argentine (Peti oleum Production) (Osthandeii), 

XXIV 

Arizona: see Nogales. 

Arkansas and Louisiana (Petroleum Production) 
(Ring), xxiv. 

Armco iron, test for Neumann bands, 065 

Armor structure: description, 1 154. 
photomicrographs, 1152, 1153. 

Aumhtuong, R O and Rader, C M : U'atcr 
Shut-off Methods in Salt Creek Field, 
xix. 

Arnold, J. () , on hardening of steel, 864, 865, 
860, 870, 884, 1145 

Arsenic: effect on conductivity of copper, 603, 
694. 

removal from silver precipitate, 321. 

Arsenic fume, lead smelting, treatment and 
recovery, 105. 

Arsenic kitchens, description, 106. 

Arsenical copper: see Copper 

Ash, in coke, variation, 1016. 

Assay; see Standard Reduction Co. ore. 


Atomic structure, alkali-halides: compressibili- 
ties, 646. 

crystals, data, 644. 
diagram, 643- 
discussion, 642 
lattice energies, 646. 
pressure coefficients, 646. 
bibliography, 653. 

crystal formation: controlling forces, 641. 

diagrams, 637, 641, 642, 648 
description, 628. 
diagrams: 637, 641, 642, 648 
electrons: arrangement and behavior, dis- 
cussion, 633-630 

arrangement by elements, 631-633, 
orbits, NaBr crystal, sketch, 644. 
magneton numbers, rare earths, 630, 640 
metals: lon-electron lattice, 648, 650. 
lattice structure, 647. 
phenomena, discussion, 651 
quantum theory, characteristics, 630. 
research needed, 628, 653 
typical spectra, view, 635 
Austenite: composition, discussion, 851. 
constitution, 1147. 
hardening of steel: effect, 860 
temperature, 1146 
transformation: effect, 1146. 
to pearlite: diagrams, 880 
discus-sion, 881. 

ultra-violet light: selective characteristics; 
924. 

photomicrographs, 919-021. 

.Australasia (Petroleum Production) (Cl\1’p), 

XXIV 

B 

Baghouse. lead smelter, description, 192, 191- 196. 
first use, 173. 
volatilization mill, 208 

Bain, K Cj on hardening of steel, 864, 865, 869, 
870, 884. 

B.xker, J. a : Discussions on: Classification in 
Witwatersrand Mills, 251 
.1h Investigation of Crushing Phenomena, 
313, 314 

Mechanism of Filtration, 234. 

Ball, M. W : N^aral Oil Reserves, xix. 

Ball indentation test: sec Meyer's analysts. 

Ball milling, advantages compared with stamps, 
312 

crushing action, 311-312. 

Ball mills, — 200-mesh material, computed and 
observed, data, 288. 
particle breakage, manner, 286. 
size of balls, effect, 284. 

Ball test, versus conical point test, discussion, 
674, 675. 

Balls, relation to size of particle and nip angle, 
277 

Baltimore Copper Smelting & Refining Co.: 

electrolytic method, characteristics, 
123. 

Bardwell, Carlos, Sackett, B. L., Jacobson, 
Simon, Jensen, N. H., and: Lead 
Smelting in Utah, xviii, 171-197. 
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Bardwell, E. S. and Miller R. S.: Use of 
Pulverized Coal in Copper Refining 
Furnaces, xviii. 

Barium crystal, ion-electron lattice, 649. 

Barker, L. M. and Mix, B E.,: Method of 
Unloading and Coarse-crushing Prac- 
tice ai Magna Plant of Utah Copper 
Co., 212-223. 

Bartram, J. G : Sketch of Geology and Formations 
of Central Wyoming, xix. 

Bartram, J. G. and Wilson, J. H.: Core Drilling 
in Geologic Exploration as Applied 
in Wyoming and Montana, xix. 

Basic Changes in Refining Processes (Miller), 
xxiii. 

Basic process: see Open hearth process. 

Basicity index, open-hearth slag, 1111. 

Bas-relief: see Metallography, ultra-violet. 

Bassett, W. H.: Discussion on: Hardness of 
Copper and Meyer's Analysis, 676. 

Bassett, W. H. and Bedworth, H. A.: Esti- 
mation of Oxygen and Sulfur in 
Refined Copper, xxvi, 784-797; Dis- 
cussion, 797-799. 

Bassett, W. H. and Bradley, J. C : Action of 
Reducing Gases on Heated Copper, 
xxvi, 755-770. 

Exudations on Copper Castings, xxvi, 700-705. 

Batch ball-mill: see Homogenous rocks. 

Batch rod-mill: see Homogenous rocks, rod-mill 
products. 

Batch scum, glass sands, formation, 407. 

Bates, B R.: Classification in Witwatersrand 
Mills, XXV, 239-249. 

Discussions on: Classification in Witwaters- 
rand Mills, 249-252. 

Mechanism of Filtration, 238. 

Bath: see Open-hearth process. 

Bear Mountain Bridge, N. Y., A. I. M. E. trip, xxii. 

Beard, A. A. and Bonnel, R. A : Cleaning Oil 
Wells by Compressed Air, xix. 

Bearing bronze, heat treatment, 1172 

Bedworth, H. A.: Discussion on: Estimation of 
Oxygen and Sulfur in Refined Copper, 
xxvi, 798. 

Bedworth, H. A , and Bassett, W, H.: Estima- 
tion of Oxygen and Sulfur in Refined 
Copper, xxvi, 784-797. 

Beeson, J. J.: Ore Deposits and Their Relation to 
Structural Geology, xviii. 

Beet sugar, filtration, practice, 236, 237. 

Belaiew, N. on harding of steel, 865, 868, 
870, 884. 

Belle Forch6, S. Dak., bentonite, physical proper- 
ties, 392. 

Belt conveyors: see Magna plant. 

Benedicks, C., on harding of steel, 863, 865, 868, 
870, 886. 

Bengouqh, G. D. and Hill, B. P., on the effect 
of reducing gases on copper, 744. 

Bentonite: as bond, disadvantages, 391. 

Belle Forch6, S. Dak., physical properties, 
392. 

composition variation, 393. 

market prices, 389. 

possible use, 388-393. 


Berkeley Springs, W, Va.: glass sands: grades, 
419. 

occurrence, 415. 

Berkey, C. P., photomicrographs by, count of 
grains and grain size, 304-306. 
Bibilography : atomic structure, 655. 
metallography, 1175. 

Billings, T. P.: Discussion on Recovery of 
Copper by Leaching, Ohio Bra'^s Co. 
of Utah, 57. 

Billy Creek Field (Geis), xix. 

Bingham Canyon, Utah: see Ohio Copper Co. 
mine. 

Bingham district, Utah, ores, description, 312 
Bingham, E. C , on seepage, 226. 

Bingham mines, leaching water from, disadvan- 
tages, 44. 

Bingham, Utah: water jacket used in lead smelt- 
ing, 171. 

see also Ohio Copper Co. of Utah. 

Biographies, deceased members, xxiv. 

Bird, H. M.: Mining and Preparation of Ea'^lern 
Molding Sands, xxv, 3M 388. 
Discussion on Mining and Preparation of 
Eastern Molding Sands, 388, 390, 391. 
Blast furnace: calculations, probable error, 1009. 
charge: constituents, variability, 1009. 

weight, possible error in, 1009. 
oxygen consumption per pound of coke, 
1015, 1024. 

see also Lead blast-furnaces. 

Blast-furnace committee, xiii. 

Blast Furnace Plant of the Columbia Steel Coi po- 
ration (Jack.son), xviii 
Blast-furnace slag: see Ferrous slags 
Blister: see Copper. 

Blower, gas, description, 91. 

Blowholes: see Rimmed steel. 

Blowing, copper matte, in converters, discussion, 
195, 197-198 

Blum, W.: Discussion on: The Conductivity of 
Electrolytes Used in the Electrolytic 
Separation of Gold and Silver, 117 
Boiler rivet, structure, pliotomicrographs, 1 1 19 
Boiler tube, structure, photomicrographs, 1145, 
1152. 

Boleo, Calif , shallow electrolyte tank at, 143, 
Bonds: physical properties, tests, 392 

see also Carborundum, mounting, Seger cones 
Bonnel, R. A and Beard A. A : ('leaning Oil 
Wells by Compressed Air, xix. 

Booth, Lionel: Development of Differential 
Flotation on Complex Ores, xviii. 
Borate deposits: control of, 435. 

origin, determination, importance, 461. 
stratigraphy, 460. 

see also Colemanite; Kramer, Calif ; Searles 
Lake; Ulexite. 

Borate Deposits near Kramer, Calif. (Gale), xxv, 
449-463. 

Borax Consolidated Ltd., control of borax land, 
453. 

Borax mining claims, disputes, 461. 

Bornite, solubility, 75. 

Bowl classifiers, as concentrator, use, 249. 
see also Dorr bowl classifiers. 
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Bowman, R. G.: Anaconda Electrolytic White 
Lead, xix, 146-170. 

Bo^lbton, H. M., on hardening of Steel, 863, 
865, 886. 

Bradley, J. C. and Babhett, W. H.: Action of 
Reducing Gases on Heated Copper ^ 
xxvi, 755-770. 

Exudations on Copper Castings, xxvi, 700— 
705. 

Brans, aluminum in, effect: data, 806. 
photomicrographs, 808. 
see also Aluminum brass. 
casting, iirocedure, 831. 

constitutional diagrams, dev'clopment, 1166. 

failure, causes, 1167. 

lieut treatments, summary, 1172. 

impurities, effect, 828 

iron in, effect, data, 812, 

photomicrographs, 813-815. 
introduction, 811. 
melting, difficulties, 830. 
rules, 829. 

scrap, discussion, 831. 
molding, materials, discussion, 832. 

procedure, discussion, 831. 
nickel in, effect, 802, 
normalized condition, definition, 799. 
special, analyses, 800, 801. 
standard, physical jiroperties, 800. 
tin in, effect, data, 809. 

see also Aluminum brass; Naval brass; 
Nukcl brass 

Braun pulverizer, — 200-mesh material, computed 
and observed, data, 288 

Breakage, rock particles: sec Heterogenous rocks; 
Homogenous rocks. 

Brearley, H , on hardening of steel, 863, 865, 
871, 886. 

Brewster, F. M : Spacing of Oil Wells, xxiii. 

Bridgeton, N J., glass sands, photomicrograph, 
411. 

Bright, Graham*. Data on Use of Loading 
Machines in Bituminous Mines, xxvii. 

Brighton, T, B , water-solubility tests, copper 
ore, 42. 

Discussion on Recovery of Chopper by Leaching, 
Ohio Copper Co. of Utah, 55. 

Bnnell test, possible error, 657, 676. 

Briquetting: see Ohio Copper Co , copper con- 
centrate. 

British Columbia: sec Premier mine. 

Brittleness, sec Metals, inter crystalline brittle- 
ness. 

Brokaw', a. D . Taxation and the Oil Industry, 
xxii. 

Bronzes, analyses, 800. 
failure, causes, 1167. 
heat treatments, summary, 1172. 
structure, photomicrographs, 1169. 
see also Aluminum bronze; Bearing bronze; 
Cast Bronze; Gun metal; Manganese 
bronze, Phosphor bronze. 

Brooks, B. T., Day, R. B. and Knapp, A.: 

Economic Incidence of Cracking, xxiii. 

Brown, E. C.: Core Drilling Technology. Basket 
Cores, xxiii. 


Bubbler, rotating shear, types, 89. 

Bubbles; roaster gas making ferric sulfate and 
sulfuric acid; coalescence, remedy, 90. 
size, 86, 89-90. 
see also Soap bubbles. 

Buck, V. B.: Discussion on Making Rimmed 
Steel, 1045. 

Bull, R. A : Discussion on Mining and Prepara- 
tion of Eastern Molding Sands, 389, 
390, 391. 

Bureau of Mines: see Ferric sulfate and sulfuric 
acid, from roaster gas. 

Burma slags, high-zinc, content and behavior, 28 

Busbars, Nichols series process, 132. 

Butte, Mont , district, low-grade zinc deposits, 6 

C 

Cadmium: crystal, ion-electron lattice, 649, 650 
lead smelting, recovery, method, 197. 

Cadmium spark, metallography, use, 916. 

ultra-violet photomicrographs, 917, 918, 923 

Calcination: Utah lead ores, degree, 175. 
method, 177. 

Calcium, open-hearth slag, variation, 1082, 1088 

Calcium chloride, for roasting, source, 338. 

Calcium fluoride, crystal, atomic structure, 
sketch, 648. 

Calcium oxide: bonding property, development, 7. 
open-hearth, slag, curve, 1088. 

Calcium sulfide, crystal, lattice structure, data, 
644 

Caldecott cones, for coarse product, 247. 

California: see Boleo; Kiamer; Searles Lake. 

California {Petroleum Production) (Gester and 
Wagy), xxiii. 

Callen, a. C : Discussion of Theory of Mine 
Ventilation, xxiv. 

Callow, J. M • Discussion on Mechanism of 
Filtration, 236, 237 
James Douglas medalist, 1926, xxii. 

Cameron, F K : Discussion on Recovery of 
Copper by Leaching, Ohio Brass Co 
of Utah, 57. 

Cameron, F. K. and Anderson, A. E : Recovery 
of Copper by Leaching, Ohio Copper 
Co of Utah, xviii, 31. 

Campbell, A B , Discussion on Iron-tungsten 
System, 1008. 

Campbell, W., on hardening of steel, 864, 865, 
868, 871, 887. 

Last Twenty-five Years of Metallography, 
(Howe Memorial), xxvii, 1135, 1178. 

Car dumper, Magna plant, view, 217. 

Carbide: free, ultra-violet selective charac- 
teristics, 924. 

in steel: heating, effect, 1146. 
particle growth, cause, 1146. 
precipitation: effect, 1146. 

in all temperature effect, 1146. 

Carbide molecules, in martensite, position, 869. 

Carbon: in martensite, condition, 862. 

open-hearth charge: decrease during run, 
curves, 1080, 1084. 
effect, 1035, 1044-1045. 
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Carbon: open-hearth equilibrium: laboratory 
data, 1123. 
plant data, 1124, 1125. 
temperature effect, curve, 1124. 
open-hearth process, elimination reactions, 
1122 . 

open-hearth slag, elimination curve, 1084. 
solubility, 1146. 

Carbon and iron, in martensite, bond, 865 
Carbon atoms: in martensite: position: 869. 
diagram, 896. 

Carbon dioxide: see Copper drillings, ignition. 
Carbon-free iron alloy, hardness, 1006. 
Carbon-iron: see Iron-carbon 
Carbon-iron system, equilibrium diagram, 853 
Carbon monoxide: blowholes in rimmed steel: 
effect. 1032, 1039. 
view, 1033. 

Carbon paper, use in focusing, 914. 

Carbon steel: air-cooled, photomicrograph, 934- 
936, 939, 941, 942. 
cooling tests: apparatus, 930. 
procedure, 930. 
results, 933. 

discussion, 932. 
specimens, preparation, 931. 
ferrite banded, photomicrograph, 945 
furnace-cooled, photomicrographs, 937, 938, 
943, 944. 

impact values: effect of quenching tempera- 
ture, 937. 
data, 940. 

Carbon theories, steel hardening, 1145. 
Carbonating system, Sperry process, 162 
Carborundum: mounting, Seger cones, bonds, 9 
use in furnace construction, 8. 

Carpenter and Edwards, steel hardening 
theory, 1145. 

Carver, R. D.: Discussions on: Mining and 
Preparation of Eastern Molding Sands, 
390. 

Standard Tests of Molding Sands, 397. 
Casper, Wyo , meeting, papers, xix 
Cast bronze, heat treatment, 1172, 

Casting, brass, procedure, 831. 
lead, 187. 

Casting machines and ladle, wire-bar practice, 
140, 141. 

Cathode-charging chute, wire-bar furnace, 138. 
Cathodes: efficiency, variation, control, 61. 
impregnation with paraffin, 120. 
solubility in electrolyte, prevention, 72, 79. 
stripping, Nichols series process, 137. 
see also Sperry process. 

Cement: see Amorphous inter crystalline cement 
Cement copper: in discard solution, leaching, 
dissolving, 79. 
marketing, difficulties, 51. 

Cement-plaster sand, properties and uses, 44.5. 
Cementation, copper, versus electrolysis, 85, 98, 
104-107. 

Cementite, in steel, precipitation, effect, 1146. 
Chalchanthite: appearance, mine and plant 
workings, 36. 
occurrence, Chile, 36. 


Chalcocite: Inspiration ore, accessibility to 
solution, 62. 

Ohio Copper Co. mine, 34. 

reaction to oxygen and water, equation, 34. 

reactions forming, 34. 

solubility, 75, 77. 

Chalcopyrite: recovery, 342. 

sodium-cyanide flotation tests, 370. 
solubility, 75, 77, 80. 

Chance, T. M.: Mt Union Sand Flotation Plant 
for the Preparation of Bituminous 
Coal, xxvii. 

Chuiy and Grenet, steel hardening theory, 
1145. 

Chase mill and screen, preparing glass sands, 
view, 414 

Chemical eiiuilibnum: see Open-hearth jirocess, 
basic. 

Chemical Equilibrium of Manganese, Carbon and 
Phosphorous in the Basic Open-hearth 
Process (Hertv, Jr.), xxvn, 1107, 
Discussion, 1133 1134 

Chemical sand, properties and usi‘s, 415, 

Chemistry, iron and steel, committee, xiii 

Chevkn^rd, Pierpe on hardening of steel, 
865, 868, 887 

Chief Consolidated* coal-pul verizing plant* fea- 
tures, 208 
flow sheet, 208. 

experimental plant, description, 202 
flow sheet, 203. 

gold, silver and lead recoviTy, 209 
mill: description, 206 
flow sheets, 205-208. 
mines, A I M E trip, xvii 
plant: coal consumption, 209 
cru.shing, flow sheet, 205 
equipment, views, 204. 
results, data, 209 
tonnage rate to kiln, 209 
process: concentration ratio, 210. 
oxidized tailings test, results, 203 
volatilization plant: flow sheet, 207 
view, 201. 

volatilization process: absence of salt in 
furnace feed, effect, 201. 
metals, form, 210. 

preliminary concentration, 201-202. 
wet concentrator, flow-sheet, 206. 

Chief Consolidated Volatilization Process and 
Mill (Wigton), xviii, 200; Discussion, 
209-211. 

Chile, chalchanthite, occurrence, 36. 

Chloride volatilization, early work, 209. 

Chloridizing mill, description and practice, 317- 
338. 

Chloridizing Mill of the Standard Reduction Co. 

(Allen and Madge), xix, 317; Dis- 
cussion, 338-341. 

Christie, J. L.: Discussion on Action of Reducing 
Oases on Heated Copper, 771-772. 

Clapp, F. G.: Australasia {Petroleum Production, 
xxiv. 

Clark, L. F.: Discussion on an Investigation of 
Crushing Phenomena, 311. 
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Claaaifiofttion: oUy balls, trouble with, preven- 
tion, 249. 

feed: quality: importance, 244. 
daU, 246. 

sand and gravel, 432. 

■and-elime separation, cones versus bowls, 
248. 

speed, effect, 246. 
tests, feed, quality, 246. 
types, comparison, 239-244. 
see also Witwatertrand millt, 

Clataification in WtiwaUrarand Mill (Batks). 
XXV, 239; Discussion, 249-262. 

Classifiers: heavy material in circuit, accumula- 
tion, 248, 260. 
speed: effect, 244. 
tests, results, 247. 

see also Cones; Dorr bowl; Dorr atraighi type. 

Clay balls, in classifiers, troubles, 249. 

Clayden, a. L. and Horning, H. L.: Economic 
Effect of Antirknock Motor Fuels, xxiii. 

Clayton, C. Y.: Effect of Annealing upon the 
Hardness of Cold-worked Ingot Iron, 
XX vi, 926-928. 

Clayton, C. Y., Rbmmxbs, W. E. and Foley, 
F. B.: Influence of Temperature, Time 
and Rale of Cooling on Physical 
Properties of Carbon Steel-II, xxvi, 
927-947. 

Cleaning Oil Wells by Compressed Air (Beard and 
Bonnel), xix. 

Cleaning Oil Wells by Heated Oil (Knox), xix. 

Clevenger, G. H.: Discussions on: Classifica- 
tion in Witwatersrand Mills, 249, 250 
Mechanism of Filtration, 235-238. 

Coal, consumption, volatilisation plant, 209. 

Coal and coke symposium, papers, xxvii. 

Coalescence: see Copper, 

Coal-pulverising plant: features, 208. 
flow sheet, 208. 

Coke: ash in, variation, 1016. 
moisture, variability, 1016. 
relation to oxygen consumption, blast fu.- 
naoe, 1015, 1024. 

Coke and coal symposium, papers, xxvii. 

Coke-oven gas, open-hearth fuel, controlled com- 
bustion, data, 1068-1071, 1074, 1075. 

Colcord, F. F., Kern, E. F. and Mulligan, 
J. J.: The Conductivity of Electrolytes 
in the Electrolytic Separation of Silver 
and Odd, xxv, 108-117. 

Colemanite: formation in place, 449. 
lode deposits, case for, 462. 
origin, theories, 462. 
see also Kramer, Calif. 

Colloid theory, modification, aluminum-silicon 
alloys, 686. 

Colloidality, maximum, sone, discussion, 906. 

Colloids: characteristics, 906, 907. 

intermediate sone of dispersion, 906. 

Colorado: see LeadviUe, 

Columbia and Peru (.Petroleum Production) 
(Huntley), xxiv. 

Columbia Steel Corp., A. I. M. E., trip, xvii. 

Combustion control: see Open-hearth furnace. 


Combustion in the Open-hearth Furnace with 
Special Reference to Automatic Con- 
trol (Hubsbnbr), xxvi, 1047-1078. 

Combustion products, open-hearth furnace, 
weight, 1068. 

Combustion regulators, sections, 1066, 1067. 

Committes, A. I. M. E., personnel, xii, xiii. 

Comparative Value as Motor Fuel of Cracked Gaso- 
line vs. Straight Run Gasoline (Wells), 
xxiii. 

Compression tests: AL-CU-SI alloy: 467. 
data, 476-478. 

Concentrates, carrying and handling, 347. 

Concentration: grinding, degree needed, 249. 
wet; see Chief Consolidated plant; Lead, 

Concentration papers, list, xxv. 

Concentrator: see Gravity concentrcUor; Huff. 

Condenser; see Arsenic kitchens. 

Conductivities: lead-antimony alloys: measure- 
ment: 508. 
curves, 609-512. 

see also Copper; Electrolytes, gold and silver 
separation. 

Conductivity of Electrolytes Used in the Electrolytic 
Separation of Silver and Gold (Col- 
cord, Kern and Mulligan), xxv, 
108; Discussion, 117-122. 

Cone classifiers: comparison with straight and 
bowl classifiers, 239-243, 248. 
double, description and use, 345. 
tests: flow sheet, 240. 
results, 240. 

Conical-point test, versus ball test, discussion, 
674, 676. 

Consolidated Mercur Gold Mines Co , crush- 
ing costs, 340. 

Constitutional diagrams, alloys, discussion, 1161. 

Contactor shunts, flexible, copper wires, embrittle- 
ment, 749. 

Converter fume, lead smelting, treatment, 195. 

Conveyors: see Magna plant. 

Coolidge X-ray tubes, anodes, leaks, causes, 748. 

Cooling: see Carbon steel. 

Cooling cracks, nickel silver, photomicrographs, 
839, 841. 

Cooling curves, Al-Cu alloys, tests, 562. 

Copper: arsenic content, effect on conductivity, 
693, 694. 

arsenical: analyses, 769. 

before and after gassing, photomicrographs, 
768, 769. 

resistance to deterioration, 774. 
chemically pure, desirability, 696. 
coalescence, discussion, 773-774. 
conductivity and ductility tests: conclusions, 
692. 

discussion, 692-699. 
results: curves, 682, 683. 
data, 688, 689, 691. 
lead content, effect, 684, 693. 
oxygen content, effect, 682. 
tin content, effect, 685. 
tin and lead: added, effect, 680. 
residual, effect, 687. 
specimens: analyses, 699. 
photomicrographs, 684-687, 690, 691. 
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Copper: oonduetivity and ductility tests: 
speoimens: preparation, 680. 
crystal, ion^leotron lattice, 649, 650, 
deoxidation: arsenic effect, data, 704. 
discussion, 767. 

depth: effect of time and temperature: 
curves, 771. 
data, 766. 

photomicrograph, 765. 
oxygen-content effect: curve, 766. 
data, 762, 764. 
discussion, 759, 762. 

rate: effect of time and temperature, 
curves, 755. 
data, 756, 759. 
retardation, with depth, 767. 
reducing gases used, analysis, 755. 
tests: conclusions, 755. 
hydrogen, data, 764. 
results, discussion, 757, 770. 
speoimens, analyses, 761, 764. 
deoxidised: need for specifying, 771. 

purity, effect, data, 757. 
distribution. New Cornelia ore, 75. 

Copper, electrolysis: see Eledrciyatt; Electrolytes. 
embrittlement, by hot reducing gases: causes, 
744. 

effect, photomicrographs, 747. 
examples, 746-750. 
lack at very high temperatures, 773. ’ 
prevention by annealing: photomicro- 
graphs, 777-781. 
tests: 779. 
conclusions, 782. 

etching reagents, use, 731-736, 741. 
exposure to hydrogen, safe temperature, 772. 
gas in, symposium, introduction, 742. 
hard and soft, deoxidation, data, 758. 
hardness: see Meyer's analysis, baU indenta- 
tion test. 

heating, coalescence, 741. 
impurities, effect on properties, 693. 
leaching: collection, 33. 
costs, 53. 

harmful effect of iron, 36. 
leaching: *'iron” phenomena, discussion, 44- 
45. 

see also Ohio Copper Co. mins. 

*‘life*’ of project, determination, 37. 
microscopic structure: annealed, view, 729 
oast, description, 716. 
oast and worked, description, 719. 
cold-drawn, views, 720-724, 730, 734, 736. 
cold-rolled, views, 716, 717. 
description, 707, 739-740. 
hot-roUed, views, 71&-719, 731-733. 
oxygen eutectic: description, 724. 

views, 716, 726-728. 
photomicrographs, 708-712. 
reorystallised, description, 720 
I reorystalUxed and worked, description, 722. 
precipitation: by scrap-iron, cost, 104, 105. 
effect on grade, 49. 
rate, factors, 48. 

percolating waters, purpose of, 39. 


Copper, electrolysis: precipitation: recovery: 
31-416. 

effect of iron content, 67. 
volume of water, effect, 47. 
water and air for, factors, 34. 
precipitation plant, 48 
reduction and refining, committee, xii. 
removal from silver precipitate, 321. 
solubility in aluminum: 671. 
effect of impurities, 579. 
tests, description, 562. 
susceptibility to reducing gases, 772. 
Copper-alloys: heat treatment and annealing, 
methods, 662-664. 

see also Aluminum-copper; Aluminum- 
copper-sUicon; Brass; Bronse; Piston 
alloys. 

Copper-aluminum alloys: annealing: duration, 
effect, 572. 

photomicrographs, 572-573. 
structure, discussion, 574. 

Copper-aluminum diffusion alloy, photomicro- 
graph, 1156. 

Copper balance, Inspiration Cons. Copper Co., 
leaching tests, 72 

Copper blast-furnace slags, impurities, removal, 
28-30. 

Copper blister, impure, electrolytic refining, 134. 
Copper castings: exudations: cause, 704. 
effect on rolled copper: 705. 

photomicrographs, 705. 
oxide segregation between grains, view, 701. 
photomicrographs, 701. 
sections, photomicrographs, 702-704. 
structure, 701. 

Copper cement: see Cement copper. 

Copper concentrates: see Ohio Copper Co. Lark, 
Utah. 

Copper-cuprous oxide eutectic: description, 724. 

photomicrographs, 715, 725-728. 

Copper drillings: ignition in carbon dioxide: 
apparatus, sketch, 791. 
data, 790, 791. 

Copper nitrate solution: conductivity: 108-110. 
curves showing, 109, 110. 
reaction, equations, 110. 

Copper orebody, caving for leaching, 54. 

Copper ores: mixed: definition, 58. 

ferric sulphate leaching: see Inspiration 
Cons. Copper Co.; New Cornelia 
Copper Co.; Ohio Copper Co. mines. 
solubility in water, 42. 

Copper oxide, in annealed copper bar, photo- 
micrograph, 661. 

Copper photographic specimens, surfacing 
methods, 736. 

Copper rod, embrittlement, cause, 772. 

Copper sulfate: flotation of sulfides, effect, 360- 
361. 

see also Ohio Copper Co, mine: leaching old 
workings; Silver, leaching. 

Copper tailings: leaching tests, 55. 

recoverable copper, factors, 56. 

Copper-tin alloys, structure, photomicrographs, 
1168, 1164. 
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Copper-tin diagrams: oomparieon, 1162. 
development, 1161. 
sketches, 1159, 1162, 1163. 

Copper tubes: deoxidation tests, analyses, 761. 
oxygen distribution, photomicrographs, 760* 

Copper wire, embrittlement during enameling, 

causes, 749. 

Copper>zino diagram: development, 1166. 
sketch, 1166. 

Copper-zino-tin diagram, sketch, 1167. 

Coral sand, as blast sand, 448. 

Core Drilling in Qedogic Exploration aa Applied 
in Wyoming and Montana (Bartbam 
and Wilson, xix. 

Core Drilling Technology (Lonoyeab, Donovan, 
Elliott, Bbown), xxiii. 

Corrosion of Pipe Lines and Protective Covering 
(McGbbw), xxiii. 

Costs: see Crushing: Leaching, copper workings; 

Sands, mining; Standard Reduction 
Co, mill; Utah Copper Co.; Consolidated 
Mercur Gold Mines Co. 

Cottrell treaters, lead blast-furnace fumes, use, 
190-193. 

Coyle, F. B.: Discussion on: Modification and 
Properties of Sand-cast Aluminum 
silicon Alloys, 619-620. 

Cracking: see Nickel silver. 

Crew king of the Nickel Silvers in the Course of 
Annealing (Jones and Whitehead), 
xx, 834 ; Discussion, 849. 

Crane, G. W.: Notes on Geology of Tintic District, 
xviii. 

Cranes, electrolytic copper refining, 129, 130. 

Crawshaw, J. E., and Foley, F, B.: Effect on 
Air Gap in Explosion System on Pro- 
duction of Neumann Bands, xxvi, 
948-963; Discussion, 964-967. 

Critical density, crusher feed, 313. 

Critical temperatures: see Iron; Iron-tungsten 
alloys. 

Cross Process ((Dross), xxiii. 

Cross, Roy : Cross Process, xxiii. 

Crucible melting, brass, difficulties, 830. 

Crude oil, open-hearth fuel, controlled combus- 
tion, data, 1068-1071, 1074, 1075. 

Crushers: coarse crushing, Magna plant, 215, 220. 
see also Ball mills; Dodge jaw; Hardings 
conical mUls; Rod mills; Rolls; Symons 
disk. 

Crushing, coarse: see Magna plant. 
costs, discussion, 223, 340. 
efficiency: computation: 295-300. 
curves, 296-297, 300. 
definition, 29^. 

Kick VB. Rittinger laws, discussion: 298. 
feed, critical density, 313. 
leaching copper ore, degree, importance, 62. 

Haultain's data, 260, 262, 263, 296, 297. 
mass of feed, fine slimes in, effect, 313. 
wet, feed dilution, effect, 314. 
see also Ball milling; Chief Consolidated 
plant; Heterogenous rocks; Homogen* 
ous rocks, roll products; Spring 
tensions: Stamp miUing. 


Crushing phenomena: investigation: conclusions: 
253. 

application, 286-3(X). 
see also Heterogenous works. 

Crushing rolls, breakage of particles in, manner, 
263. 

Crushing teste: see Heterogenous rocks; Homo* 
genous rocks; MoOiU University. 
Crystal formation: analogy, 858. 
by atoms, diagram, 854. 
by blocks, diagram, 853. 

Crystallization: controlling forces, 641. 

diagrams, 637, 641, 642, 648. 

Crystals, miorostructures, diagrams, 852-854. 
Current Theories of the Hardening of Steel Thirty 
Years Later (Sauveur), xxvi, 859-908. 
Cyanide dotation: metallurgical, 371. 
patents, 370. 
reagents, patents, 354. 
sulfides, 362. 

testa: conclusions: 370, 376, 380. 
bomite, 374. 
chalcodte, 374. 
chaloopyrite, 374. 
galena: 361—362. 

photomicrographs, 365-367. 
pyrite: 362, 364, 374. 

photomicrographs, 366-369, 377-379. 
sphalerite: 362, 363. 
photomicrographs, 366-372. 
ore used, analyses, 355, 372. 
procedure, 355-372. 
reagents used, 362, 373. 
results: curves, 356-361. 
data, 362, 372. 
summary, 380. 

time of contact, curves, 360, 376. 
see also: tine cyanide. 

Cyanide process, fine grinding, need, 249. 
Cyanide salts, metallic, flotation, use, 371. 
Cyanide solution, flotation, inhibition, discussion, 
370. 

C 3 ranogen compounds: see Cyanide solutions. 


Dalbey, G. E.: Discussion on Effect of Zinc 
Oxide on the Formation Temperatures 
of Some Ferrous Slags, 28. 

D. & R. G. W. R. R., Salt Lake shop, briquetting 
tests, copper oonoentrates, 51-53. 

Danford, M. O.: Application of Mining Tax Laws 
to the Petroleum Industry, xix. 

Daniels, Samuel: Effect of Reheating upon the 
Al-Cu-Ni-Mg and the Al*Cu*Fe*Mg 
(Piston) Alloys, xxv, 479-504. 

Daniels, Samuel and Warner, D. M.: Mechani* 
cal Properties of the Aluminum* 
eopper*silicon AUoy as Sand Cast and 
as Heat-treated, xxi, 464-478. 

Darby, E. H.: Discussion on: The Lead Antimony 
System of Hardening of Lead Alloys, 
540. 

Darby, G. M.: Discussions on an Investigation of 
Crushing Phenomena, 314. 

Estimation of Oxygen and Sulfur in 
Refined Copper, 707» 798. 
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Data on Ubb of Loading Maekinet in Biiuminoua 
Mines (Bbiqht), xxviL 

Davis, C. H.: Diecueeion on Hardneee of Copper 
and Meyer*e Analyst «, 676, 677. 

Davis, J. A. and Riob, Q. 8.: Mining Petroleum in 
France and Qermany, zxiv. 

Day, R. B., Bbooks, B. T., Kkapp, A., and: 

Economic Incidence of Cracking, xxiii. 

Dban, R. S.: Discussion on the Lead Antimony 
System and Hardening of Lead Alloys, 
629-635, 535, 639, 540. 

Dean, R. S. Hudson, W. E., and Folqbb, M. F., 
on hardening of lead^ntimony alloys, 
617. 

Dean, R. S., Zickbick, Lyall and Nix, F. C.: The 
Lead Antimony System and Hardening 
of Lead Alloys, xxv, 505-529. 

Decantation: washing sand and gravel: 427, 428 
apparatus, 427, 428. 

Deck rivet, structure, photomicrographs, 1150. 

Decker, E. J.: Discussion on Modification and 
Properties of Sand-cast Aluminum- 
silicon Alloys, 620. 

Dederioh tunnel: see Ohio Copper Co. mine. 

Deep Hole Prospecting at Chief Consolidated Mine 
(Dobbel) xviii. 

Db Golyeb, E. L.: World Production of Petroleum 
in 19X5, zxil 

Dbjean, P., on harding of steel, 863, 865, 868, 871, 
890. 

Dblavan, N. B.: Investigation into the Cause of 
Breakage in Crude Pipe-line Trans- 
portation Systems, xxiii. 

Deoxidation: see Copper. 

Deoxidiser, rimmed steel, use, 1036, 1041. 

Department of Agriculture, restrictions on sand 
shipments, 382. 

Debn, G. H.: Discussion on Chloridizing Mill of 
the Standard Reduction Co., 339. 

Development of Differential Flotation on Complex 
Sulfide Ores (Booth), xviii. 

Devitrification, glass sands, prevention, 402 

Dibffenbach, E. E.: Discussion on the Conductiv- 
ity of Electrolytes Used in the Electro- 
lytic Separation of Gold and Silver, 
121 , 122 . 

Directors, A. I. M. E., 1926-1927, xi. 

Discussion of Theory of Mine Ventilation 
(Calubn), xxiv. 

Distillation by Pipe Stills (Primbose), xxiii. 

Dix, E, H. Jb.: Discussion on Microstructure of 
Aluminum, 626-627. 

Dxx, E. H. Jr and Richardson, H. H.: Equilib- 
rium Relations in Aluminum-copper 
Alloys of High Purity, xxv. 

Dobbel, Chablbs: Deep Hole Prospecting of 
Chief Consolidated Mine, xviii. 

Dodge breaker, crushing tests, 263, 309. 

Donovan, P. W. and Lonoyeab, R. D.: Cors 
Drilling Technology: Diamond Drilling, 
xxiii. 

Dor4, selenium in, removal, 122 

Dorr classifiers: bowl: tests: comparison with 
cones and straight type, 239-243, 248. 
flow sheet, 241, 242. 
results, 241, 242. 


Dorr olaMifiers: straight type: tests: comparison 
with cones and bowl classifiers, 239- 
243. 

fiow sheets, 241 
results, 241 
use, Geduld mill, 243 

Drilling Wildcat Wells in Wyoming (Sinclair), 
xix. 

Drills: see. Rock drill. 

Drossing: see Lead smelting. 

Drying: glass sands, methods, 417. 
industrial sands, methods, 437. 

Sperry process, 164. 

Dubbs Process (Eqlofp), xxiii. 

Ductility: see Copper, conductivity and ductility 
tests. 

Dumper, Magna plant, description and use, 213- 
215. 

Dust collection: electrostatic mill, method, 350. 
reverse nossle, description and use, 91. 
roaster gas, 88. 

Dwight-Lloyd sintering machine: description and 
use, 177. 

flue dust and fume, treatment, 192. 

E 

East Chicago, Ind. : see Electrolytes, gold and silver 
separation. 

Eavbnson, H. N.: Report of Coal and Coke 
Committee, xxvii. 

Report of Sub-committee on Coal Mining to 
Committee on Ground Movement and 
Subsidence, xxvii. 

Economic Design of Mine Airways (Richardson), 

XXIV. 

Economic Effect of Anti-knock Motor Fuels (Clay- 
den and Horning), xxiii. 

Ecomonic Effect of Basic Changes in Refinery 
Operation (W. Miller), xxiii. 

Economic Incidence of Cracking (Brooks, Day 
and Knapp), xxiii. 

Edelnau. L.: Liquid Sulfur Dioxide Process, xxiii. 

Effect of Air Gap in Explosion System on Produc- 
tion of Neumann Bands (Foley and 
Crawshaw), xxvii, 948, Discussion, 
664-967. 

Effect of Annealing upon the Hardness of Cold- 
worked Ingot Iron (Clayton), xxvi, 
926-928. 

Effect of Cyanogen Compounds on Floatability of 
Pure Sulfide Minerals-I (Tucker, 
and Head), xix, 354; Discussion, 370- 
371. 

Effect of Lead and Tin with Qtygen on the Conduc- 
tivity and Ductility of Copper (Filling 
and Halliwbll), xxvi, 679; Discus- 
sion; 692-699. 

Effect of Reheating upon the Al-Cu-Ni-Mg and the 
Al-Cu-Fe-Mg (Piston) Alloys (Dan- 
iels), xxv, 479-604. 

Effect of Zinc Oxide on the Formation Temperatures 
of Some Ferrous Slags (Mann), xxv, 
3; Discussion, 28-30. 

Egloff, Gustav: Dubbs Process, 

Electric furnace, melting brass, advantages, 830. 
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Eleotrio looomotives, Magna plant use, 213. 

Electric Shotrfiring Experimenta in Coal Minea 
(Watts), xviii. 

Electrical equipment, Sperry process, 167. 

Electrodes, stripping, Nichols series process, 
137. 

Electrolysis: cathode, impregnation with paraffin, 

120 . 

copper; development, history, 124. 

Nichols process: advantages and dis> 
advantages, 144-146. 
anodM: description, 127 

preparation and handling, 127-130. 
silver content, importance, 144. 
busbars, 132. 
cathodes, painting, 128. 
concrete tanks, 130. 

lining, 130. 
description, 126. 
electrodes, stripping, 137. 
equipment, description, 126-131, 136. 
flat-bulb tank light, 136. 
flexibility, reasons, 134, 141. 
glue in electrol 3 rte, 135. 
impure blister, refining. 134. 
installation cost, 132, 142. 
labor saved, 142. 
loading cranes, 129, 130. 
power: consumption, 131, 141, 144. 
saving, 144. 
supply, 133. 

silver and gold loss, 133, 142-144. 
series system, comparison with multiple 
system, 123, 144, 155. 

copper solutions, versus cementation, 85, 
98, 104-107. 

measiiring and recording, terms, 118-119. 
precious-metal anodes content, ratio to 
percentage loss, 144. 
tanks, shallow versus deep, 142-144. 
voltage, effect of ferrous and ferric iron and 
free acid, 61. 

Electrolyte: alumina in, effect, 61. 

constituents, effect on voltage, 61. 

“equal metal content’* versus “equivalent 
concentrations,*’ 118. 
glue added, effect, 135. 

gold and silver separation: ammonia in: 
cause. 110, 118, 119, 130. 
effect on conductivity: 111-113. 

curves showing, 112. 
effect on crystal formation: 113-117. 
photomicrographs, 116-116. 
composition, 109, 111, 114. 
conductivity: determination, 108. 
comparison, 119. 

curves showing, 109, 110. 
maximum, 117. 
potassium nitrates effect, 120. 
sodium nitrate effect, 120. 
conductivity testa: conclusions, 117. 
results, 114. 

nitric acid reaction with impurities, 120. 

Eleotrolsrte tanks: shallow: discussion, 141-144. 
specific gravity. 111, 114. 


Electrolyte tanks: “grams per liter,** conversion 
to “fractional normality,** 119. 
requirements, 118. 
see also Alumina. 

Electrolytic cells: electrolysis of white lead: 
construction: 152-156. 
view, 164-156. 

Electrolytic precipitation, leached copper solu- 
tions, 59. 

Electrolsrtio white lead: see Sperry proceaa. 

Electrons: see Atomic atructure. 

Electrostatic mill: see Midvale, Utah. 

Elimination of Metalloida in the Baaic Open-^ 
hearth Proceaa (Keats and Herty), 
xxvii, 1079; Discussion, 1106. 

Elliott, J. E.: Core Drilling Technology: Special 
Type Drilla, xxxiii. 

Embrittlement: see Copper. 

Embrittlement of Copper by Hot Reducing Oaaea. 

(Fuller), xxvi, 744; Discussion, 750- 
764. 

Employe Ownerahip in Induatry (Shaw), xxvii. 

Enameling, copper wire, embrittlement, causes, 
749. 

Endurance Propertiea of Non-ferroua Metala; 
(McAdam, Jr.), XX. 

Endurance Propertiea of Non-ferroua Metala-I 
(McAdam, Jr.), xxv. 

Engine sand; photomicrographs, 440. 
properties and uses, 438. 

Equilibrium, chemical: see Open-hearth proceaa, 
baaic. 

Equilibrium conditions: see Carbon; Manganese; 
Open-hearth Proceaa; Phoaphoroua. 

Equilibrium diagram: aluminum-copper alloys, 
667. 

carbon-iron system, 853. 
iron-tungsten system, 970, 971. 
see also metals and alloys named. 

Equilibrium Relations in Aluminum-copper Alloys 
of High Purity (Dix and Richard- 
son), xxv, 560; Discussion, 619-621. 

Error, probable, blast-furnace calculations, 1009. 

Estabrook, E. L. and Rader, C. M.: History 
of Production of Salt Creek Field, xix. 

Estabrook, E. L. and Young, H. W.: Waters of 
Salt Creek Field, xix. 

Estimation of Oxygen and Sulfur in Refined 
Copper (Bassett and Bbdworth), 
xxvi, 784; Discussion, 797-798. 

Etching, aluminum (piston) alloys, method, 485. 

Etching reagents, copper, 731-736, 741, 780. 

Eureka, Utah, volatilization mill at, 206. 

Eutectic temperatures: see Aluminum-copper 
alloys. 

Eutectoids: see alloys named. 

Evaluation of Coal (Sweetber), xxvii. 

Evaporation Losses in Storage and Transportation 
(Wiggins), xxiii. 

Evolution in the Preparation of Ores for Lead 
Bloat Furnaces (Jessup), xviii. 

Exploaibility of Coal and Other Dusts in a Labora- 
tory Steel Dust-gallery (Allison), 
xxvii. 

Explosion air-gap; see Neumann bands, formation. 

Explosives symposium, papers, xxvii. 
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Exudaltona on Copper CaeHnge (Bassett and 
Bbadlbt), xxvi, 700; DiscusHon, 
706. 

Eye-piecca: see Qttariz eye~picces, 

F 

Fadora Affecting the Cracking of Petroleum 
(Parmklbb), xziii. 

Feed sises: see Homogeneous rocks. 

Feeders: lead-^re roasters, 175. 

sintering maohines, description, 177. 

Feeding, brass molding, discussion, 832. 

Fbild, a. L. Discussion on Making Rimmed 
Steel, 1045. 

Ferric chloride, as etching reagent, 731. 

Ferric chloride solutions, leaching, corrosion, 101. 

Ferric iron, by anodic oxidation, cheapness, 98. 

Ferric oxide, open-hearth slag, variation, curves, 
1083, 1086. 

Ferric sulfate: as solvent agent, copper ore, 60 
conversion of ferrous sulfate by SOi: equa- 
tion, 101. 
patents, 101. 

from SOi and air, early work, 85-86, 98, 101, 
103. 

regeneration in non-diaphragm cell, 60. 

Ferric sulfate and sulfuric acid: commercial: 
gas for, content, 87. 

small-scale tests, equipment, 90-92, 95. 
units: costs, 96, 98-101, 104-107. 
design, factors, 95. 
sixe, 96. 

dilute, aeration costs, 100, 104. 
electrolysis vs. cementation, 85, 98, 104- 
107. 

end reactions, equations, 89. 
ferrous sulfate solution, iron content, 86. 
from roaster gas: B, of M. process: aerator: 
clogging, tests, 88. 
application, 84, 94. 
description, 91. 

“Duro” cloth: life, 93. 
use, 88. 

gas bubbles: coalescence, remedy, 90, 95. 
sise, 86, 89-90. 

pilot plant: see below under semi- 
commercial tests. 

plant and synthentic solutions, data, 94. 
reverse-nozzle dust collector, use, 91. 
semi-commercial tests, data, 92-94. 
tests: data, 87. 

summary, 97. 
t 3 T)es, 89. 

recommended, 97. 
views, 91, 92. 

Ferric sulfate leaching: see Inspiration Cons. 
Copper Co. 

Ferric sulfate solutions, leaching, corrosion, 101. 

Ferris- wheel" casting machine, description, 141. . 

Ferrite: as sino-carrying slag ingredient, 29. 

banded, in carbon steel, photomicrograph, 
945. 

examples, photomicrographs, 1149, 1159. 
free: formation, microstructure, discussion, 
855. 

ultra-violet selective characteristics, 924. 


Ferrosilicon, open-hearth charge, analyses, 1105. 

Ferrous oxide, open-hearth slag, variation, curves, 
1083, 1086. 

Ferrous slags: formation temperatures: curves, 
14-15. 
data, 19-27. 
determination, 7-8. 
effect of sine oxide on, 3-30. 
tests: analyses: 19-27. 
reliability, 28. 
conclusions, 18. 
determination, 11-12. 
furnace: atmospheric conditions, 12-13. 
description, 8-11. 
operation, 12. 
section, 11. 

temperature possible, 9. 
views, 9, 10. 

mea.surement8, means, 13. 
temperature range, 13-16 
tests: Seger cones: behavior, 13, 
bonds, 7. 
materials, 7. 
mounting, 9. 

protection on removal from mold, 8. 
solution required, 8. 
high-zinc, effect of sulfur, 28. 
impurities, removal, 28-30. 
viscosity during fusion, 16. 

Fettkb, C. R., photonucograph by, count of 
grains and grain size, 304-306. 
American Class Sands, Their Properties and 
Preparation, xxv, 398-422. 

Discussion on American Class Sands, Their 
Properties and Preparation, 422. 

Fieldner, a. C. and Selviq, W. A.: Relation of 
Ash Composition to the Uses of Coal, 
xxvii. 

Film water, use in leaching, advantages, 35. 

Filter cake: bridge of particles, formation, 227, 
233. 

structure: description and sketch, 227. 
effect of amount of vacuum on, 227, 234- 
235. 

Filter cloth, open weave, advantages, 225. 

Filter opening: calculation, 232. 

size and density of pulp particles, relation: 
curves showing, 230-232, 234. 
data, 228. 

discussion, 226, 231. 

Filter sand: photomicrographs, 438, 439. 
properties and uses, 437. 

Filter thickener; use, 236-238. 

versus gravity thickener, 236-238. 

Filters: solids in pulp, concentration, effect, 225. 
see also Moore filter. 

Filtration: high pressures, effect, 235. 
mechanism, discussion, 225-234. 
principles, 225. 

pulp particles: arrangement: effect of con- 
centration of solids, 232. 
tendency, 225. 

size, effect on bridge formation, 233. 
pulps: thickness, desirability, 234. 

see also Filter openings. 
seepage effect, discussion, 226. 
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Filtration: washing sand and gravel, 426. 
apparatus, 427. 

see also Sand filtration. 

Fines: see Sintering. 

Fire clays, physical properties, 392. 

Fire cracking: see Nickd stiver, annealing crack* 
ing. 

Fire cracks, nickel silver, photomicrographs, 839, 
840. 

Firing, sintering charge, lead smelting, 180. 

Fitsoebald, Chablbs: Transportation of Petro- 
leum, xxiii. 

Flat-bulb light, for examining electrolyte tanks, 
136. 

Flooring sand, properties and usee, 445. 

Flotation; see Cyanide solutions, fiotation agents. 

Flotation Development and Simplification at the 
Ophir Hill Consolidated Mill (Lkmke), 
xviii. 

Flotation mill, zinc-recovery tests, results, 351. 

Flotation oils and reagents, 353. 

Flow sheet: Inspiration Cons. Copper Co. leach- 
ing tests, 74 

volatilization plant, 203, 205-208. 

Flue dust: definition, 190. 

lead blast-furnace, retreatment and recovery, 
190-197. 

Fluorspar, rimmed-steel manufacture, use, 1030, 
1037. 

Fobs, F, J.: Review of American {Petroleum) 
Production, Xxiii. 

Technologic Progress in the Oil Industry, 
xxiii. 

Folet, F. B : Amorphous Cement and the Forma- 
tion of Ferrite in the Light of X-ray 
Evidence, xx, 850-857. 

Discussion on Effect of Air Gap in Explosion 
System on Production of Neumann 
Bands, xxvi, 964, 965, 966, 967. 

Foley, F. B. and Crawshaw, J. E., Effect of Atr 
Gap in Explosion System on Produc- 
tion of Neumann Bands, xx\i, 948- 
963; Discussion, 964, 967. 

Foley, F. B., Clayton, C. Y., Remmers, W. E.: 

Influence of Temperature, Time and 
Rate of Cooling on Physical Properties 
of Carbon Steel-II, xxvi, 929-947. 

Foote, A. B. and Fulton, J. A.: Mining Methods 
in Grass Valley District, Calif., xxvii. 

Foote, P. D.: The Relation between Metallurgy 
and Atomic Structure, xxv, 826-656. 

Forecasting Petroleum Production (Sands and 
Osborn), xxiv. 

Formation temperatures: see Ferrous slags. 

Formulae: see Tensional stress. 

Foundry, iron, committee, xiii. 

Foundry sand; see Albany, Lumberton and Mill- 
ville sands. 

Fractionation (Peters), xxiii. 

Fbaseb, Thomas, and Yancy, H, F.: Atr Sand 
Process of Cleaning Coal, xxvii. 

Fbebdman, Louis: Gulf Coast (Petroleum Pro- 
duction), xxiv. 

Fuel: sae Open-hearth furnace. 

Fuller, T. S.: Embrittlement of Copper by Hot 
Reducing Gases, xxvi, 744-750. 


Fuller, T. 8.: Discussion on Action of Reducing 
Gases on Heated Copper, 773. 

Fulton, J. A. and Foote, A. B.: Mining Methods 
in Grass Valley District, Calif., xxvii. 

Fume: definition, 190. 

lead blast-furnaces, retreatment and recov- 
ery, 190-197. 

Furnace-bottom sand, uniformity, 390. 

Furnaces: speed, effect on slag formation, 28. 
see also Electric furnaces; Ferrous slags, 
formation temperature tests; HoU-Dem 
furnaces; Lead blast-furnaces; Roasting 
furnaces’, Wire-bar. 

Fusion temperatures: determination; 969. 
hood, view, 969. 

G 

Gale, H. S.: Borate Deposits near Kramer, 
Calif., xxv, 449-463. 

Galena: roll-crushed, screen analyses, logarithmic 
plots, 258, 259. 
silver-bearing, recovery, 342. 
see also Cyanide solutions, fiotation tests. 

Galloway, J. J., wear tests by, discussion, 265. 

Gamma iron: arrangement of atoms, diagrams, 
852 

solubility of carbon in, 1146. 

Garfias, V. R. and Whetsel, R. V.: Mexican 
Oil Fields, xxiv. 

Garfield Utah, copper smelter, A. I. M. E. trip, 
xvii. 

Garner, A. H.: Suggested Nomenclature and 
Correlation of the Geological Forma- 
tions in Venezuela, xxiv. 

Gas in copper, symposium, introduction, 742. 

Gasoline Problem (Holmes), xxiii. 

Gasoline shovels, mining sand, use, 384. 

Gates, J. F., Tucker, E. L. and Head, R. E.: 

Effect of Cyanogen Compounds on 
the FloatabilUy of Pure SiUfide Min- 
erals. — II, xix, 372-380. 

Gating, brass molding, discussion, 832. 

Gaudin, a. M.: Investigation of Crushing Phe- 
nomena, 253-310. 

Discussions on: Classification in Wxtwaters- 
rand Mills, 251, 252. 

Investigation of Crushing Phenomena, 
xxv, 311, 312, 314-316. 

Geduld Proprietary Mines, mill: classification 
tests: feed, quality, 245. 
flow sheets, 240-242. 
results: bowl type, 242. 
cones, 240. 
straight type, 241. 
installation, flexibility, 243. 
practice, flow sheet, 243-244. 
straight type Dorr classifiers, use, 243. 

Geis, W. H.: Billy Creek Field, xix. 

G enter filter-thickener, use, 236-238. 

Geology: see Mining geology. 

George, H. S., Discussion on Introduction to 
Ultrorviolet Metallography, 924-925. 

German periscope brass, analysis, 800. 

Gester, G. C. and Waot, E. W.: California 
(Petroleum Production), xxiii. 
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GHms Mkuds: batch scum, formation, 407. 
oompoeition, 398-399. 
devitrification prevention, 402. 
grades, specifications, 400. 
grading methods, 418. 
grains: shape: discussion, 410. 
views, 410-412. 
sises: limits, 408. 

uniformity, importance, 406. 
impurities, occurrence and effect, 401-406. 
mining and preparation: methods and 
equipment, 414-420. 
views, 414. 
occurrence, 398. 
prices and production, 422. 
quarry, 415. 
tolerances, 400. 

washed, screen tests, results, 409. 

Glue, in electrolyte, 135. 

Godfrey roasters: lead ore: description, 174. 
operation, 174-177. 

Gold: accumulation in classifier circuit, 248, 250. 
concentrating recoveries, 361. 
cr 3 rstal, ion-electron lattice, 649, 650. 
loss, Nichols series process, 133, 142-144. 
recovery, volatilization process, 209. 

Gold and silver separation: see Electrolytes. 
Gold-bearing P3rrite, recovery, 342. 

Gold ore, Witwatersrand, grinding, size, 250. 
Goodrich, H. C.: Shovel Operations at Bingham 
Utah Copper Co., xviii. 

Discussion on Recovery of Copper by Leaching, 
Ohio Brass Co. of Utcth, 56, 57. 
Graham, Thomas, on colloid characteristics, 906. 
Grain-growth loss: see Metals. 

Granite: Stony Creek, jaw crusher product, 
screen analyses, logarithmic plot, 
264. 

Stony Point, roll-crushed, screen analyses; 
logarithmic plot, curve, 258. 

Grant, J. E. and others: Treatment of the Tellu- 
ride-hearing Gold Ores of the Wright' 
Hargreaves Mines, Ltd., xxv. 

Granville Springs, glass sands, grades, 419. 
Graphic Method of Work Done by Producing 
Wells (Lindsay), xix. 

Graphite: see Anodes. 

Gravel: dassifioation, 432. 

impurities, removal, 424, 430-431. 
sizing, methods, 431-433. 
washing: methods, 426-431. 
water, amounts, 428. 
uniform feed, importance, 429. 

Gravity concentrator, description and use, 342. 
Gravity thickener, vs. filter thickener, 236-238. 
Great Capaoon, glass-sand quarry, 415. 
Greenawalt reducers, use, comparison, 102-103. 
Gbxbnawalt, W. E.: Discussion on Production 
of Ferric Sulfate and Sulfuric Add 
from Roaster Gas, 101. 

Gbbnxt, Q., on harding of steel, 865, 890. 
Grizzlies, Magna plant, view, 218, 219. 
Gbossiiann, M. a.: Discussion on Iron-tungsten 
System, 1008. 

Ground movement and subsidence, papers, 
xxvii. 


Growth loss, metal grains, 1138. 

GuiLLBT, L.: on hardening of steel, 865, 868, 871, 
893. 

Gulf Coast {Petroleum Production) (Frbbdman). 
xxiv. 

Gun metal; heat treatment, 1172. 

Gun metal photomicrographs, 1169. 

Gund BROTH, C. J.: Discussion on an Investi- 
gation of Crushing Phenomena, 314. 

H 

Haas, Frank: Report of Sub-committee on Coal- 
mine Ventilation, xxiv. 

Hadfibld, W. H.: on hardening steel, 863, 866, 
868, 871, 893, 969. 

Haiqht, C. M.: Sharpening and Handling Drill 
Steels at Franklin, xxvii. 

Halide-alkali crystals: see Atomic structure. 

Halliwbll, G. P.: Discussion on Annealing of 
Commercial Copper to Prevent Em- 
brittlement by Redudng Gases, 782- 
783. 

Halliwbll, G. P. and Pilling, N. P.: Effect of 
Lead and Tin with Oxygen on the 
Conductivity and Ductility of Copper, 
xxvi, 679-692. 

Hanemann and Schrader, work by, 904. 

Hanley, H. R.* Discussion on Chloridizing Mill 
of the Standard Reduction Co., 338. 

Hansen, C. A.: Discussion on Mining and 
Preparation of Eastern Molding Sands, 
391-393. 

Hardening: see Lead-antimony alloys; Lead-anti- 
mony-tin alloys; Steel; Troostite. 

Hardinge conical mill, crushing tests, 285. 

Hardness: colloid factor, 905. 
definition, 905, 908. 

tests: ball vs. conical point, discussion, 674, 
675. 

log log plot, load-diameter relation, 662 
see also Aluminum-copper-silicon alloy; Iron, 
cold-worked ingots; Meyer's analysis, 
ball indentation test; Steel. 

Hardness of Copper and Meyer's Analysis (Hoyt 
and Sohbrmbrhorn) xxvi, 657; 
Discussion, 671-678. 

Harris, F. W.: Discussions on: Action of 
Redudng Gases on Heated Copper, 772. 

Microscopic Structure of Copper, 741. 

Hartz jigs: description and use, 343. 
plungers, stroke and speed, 344. 

Haultain, H. E. T.: crushing efiSiciency curves, 
adaptation, 262, 263. 

data on crushing, efliciency, adaptation, 
curves, 296, 297. 

data on manner of rook breakage, 260. 
slow-motion pictures, breakage of rocks, 
conclusions, 260. 

Hayden process, electrolsrtio copper refining, 
development, 124. 

Hayward, C. R.: Discussions on: Hardness of 
Copper and Meyer^s Analysis, 676. 

Effect of Lead and Tin with Oxygen on the 
CondudieUy and DuctUity of Copper, 
695-696. 
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Hatwaxd, C. R.: Di§€u»»ion9 on: Effect of Zinc 
Oxide on the Formation Temperature 
of Some Ferrous Slags 28, 30. 
LeadrAntimoni/ System of Hardening Lead 
AUoys, 526-538. 

Head, R. E. and Tuckeb, E. L.: Effect of 
Cyanogen Compounds on Floatability 
of Pure Sulfide Minerals^ 7, xix, 
354-370. 

Hbad, R. E., Ttokbb, E. L., and Gates, J. F.: 

Effwd of Cyanogen Compounds on the 
Floatability of Pure Sulfide Minerals t 
77, MX, 372-380. 

Heat: see Open-hearth furnace. 

Heath, C. L. and others: Treatment of the 
Telluride-bearing Gold Ores of the 
Wright-Hargreaves Mines, Ltd., xxv. 

Heating temperature: see Oxygen in refined 
copper; Sulfur in refined copper. 

Heating system, leaching solution, 337. 

Heat loss, furnaces, causes and prevention, 339. 

Heat treatment: alloys: effect, 1168. 
curves, 1170, 1171. 
bronxes and brasses, 1172. 
see also Aluminum-copper-silicon alloy; 
Piston alloys. 

Henton, H. M.: Pyro- and Hydro-treatment of 
Magnesite and Dolomite, xxv. 

Hebtt, C. H., Jr.: Chemical Equilibrium of 
Manganese, Carbon, and Phosphorus 
in the Basic Open-hearth Process, 
xxvii, 1107-1132. 

Discussions on: Chemical Equilibrium of 
Manganese, Carbon and Phosphorus 
in the Basic Open-hearth Process, 1 134 
Probable Error in Blast-furnace Records and 
Calculations Therefrom, 1023. 

Hebty, C. H. Jr.; and Keats, J, L : Elimination 
of Metalloids in the Basic Open-hearth 
Process, xxvii. 

Heterogenous rocks: crushed, logarithmic size- 
curves, 301-303, 308, 309. 
definition, 243, 254. 
discussion, 301. 
grains: size, average, 307. 

number and sizes, photomicrographs, 304- 
306. 

preferential breaking sizes; averages, tables, 
305, 306 

tests, results, 304 
variation, curves, 308, 309. 
roll-crushing tests, results, 304. 
screening and sizing tests, description, 304. 

Hxbbabd, H. D.; Discussions on: Effect of Zinc 
Oxide on the Formation Temperatures 
of Borne Ferrous Slags, 28. 

Making Rimmed Sted, 1042-1043, 1046. 
on gases that form blowholes in rimmed 
ingots, 1032, 1042. 

Hzbbb, Q. O.: Discussion on the Lead Antimony 
System of Hardening Lead Alloys, 
539. 

Hill, H. B.: Increasing Production by Shooting, 
xxili. 

Hinton, G. B., floUtlon of silver minerals in 
water, tests. 370. 


Hirst Institute of Metals, brass analysis, 800. 

History of Production of Salt Creek Field (Ebta- 
BBOOK and Radbb), xix. 

Hixon, a. W., Wobb, L. T., and Odell, I. H.: 

Mechanism of Filtration, xxv, 225-234. 

Holland Tunnel (New York-New Jersey), 
A. I. M. E. trip, xxii. 

Holland Tunnel (Smgstad), xxiv. 

Holmes, J. A.: Shutting in Rangely Oas Well, 
xix. 

Holmes, R. C.: Gasoline Problem, xxiii. 

Holt-Dem furnaces, description and operation, 
318. 

Holt-Dern roasters: description and use, 332. 
fuel economy, 339. 
operation, 340. 
plan and section, 333. 
views, 334, 335. 

volatilisation loss, prevention, 340. 

Homogeneous rocks: ball-mill product, particle 
breakage, manner, 286. 
ball mill tests: continuous discharge: 285. 
products, screen analyses, logarithmic 
curves, 285, 286. 

feed over critical size: duration: data, 283, 
effect, 280. 

batch ball mill; nip angle, relations, diagram, 
277. 

batch ball-mill product: ball size, 284. 
breakage, 586. 
feed grain size: effect, 274. 

relation to ball size and nip angle, 277 
grain shapes, 278, 286. 
photomicrographs, 279, 282. 
screen analyses, logarithmic plots, 274- 
277, 280, 281, 283-284. 
breakage in rolls; discussion, 260. 
sketch, 262. 

crushing eflficiency, discussion, 295-300. 
definition, 253, 254. 

jaw-crushed: particle breakage, manner, 204. 
screen analyses, logarithmic plot, 263. 
shape of particles, 264. 

— 200 mesh: area of surface: computation, 
292-294. 
curves, 292, 293. 

average volume: computation, 294. 
curves, 294, 295. 

from crushing, observed and computed, 
comparison, data, 288. 
screening, discussion, 287. 
size, computation, 289. 
nip angle: explanation, 277. 

relations, diagram, 277. 
particles: fineness possible, 287. 

size, relation to percentage corresponding 
to a given size, 286-300. 
pebble-mill product, shapes, photomicro- 
graphs, 266. 

pebble-mill wear test without pebbles, 264. 
rod-mill product: particle breakage, manner, 
273. 

photomicrographs, 269. 
screen analjrses, logarithmic plots, 270, 
271, 273. 
size curves, 268. 
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Homoceneoiis rooks: rod-mill twts: desaiption, 
268-274. 

number of rods used» effect, 272. 
roU-orushed, breaknce of partides, manner, 
263. 

feed siseo, rdatlon to set of rolls, curves, 
260. 

photomiorocraphs, 261. 
soreen analyses: logarithmic plots: 256- 
259. 

discussion, 255-263. 
shape of particle, 263. 
sise curves: 256. 

method of plotting, 255. 
wear tests: see QuarU, 

Honda, Kotabo: on hardening of steel, 864, 
866, 868, 869, 896. 

Hopkins, £. B. and Wasson, H. J.: VentMuda 
and the West Indiee (Petroleum Pro- 
duetton), zziv. 

Hoppers, Magna plant, view, 218, 219. 

HobnIno, H. L. and Clatdbn, A. L.: Economic 
Effect of Anivdmock Motor Fude, 
xxiii. 

Howk, H. M.: influence in physical metallurgy, 
1174. 

Memorial Lecture, Last Twenty-five Yeare 
of Metalloyraphy, zxvii, 1135-1178. 
steel hardening theory, 1145. 

Hoyt, S. L.: Diecueaione on: Effect on Air Qap 
in Exploeion System on Production 
of Neumann Bande^ 964. 

Hardness of Copper and Meyer* s Analysis, 
671, 674-678. 

on hardening of steel, 866, 868, 869, 871, 895. 

Hoyt, S. L. and Schbbmbbhobn, T. R.: Hardness 
of Copper and Meyer* e Analysis, 
xxvi, 657-671. 

Hubkb, L. W,: Operating Characteristics of 
Centrifugal Fans and Use of Fan 
Performance Curve, xxiv. 

Huessener combustion regulator, section, 1066 

Huessenbb, K.: Comlmdion in the Open Hearth 
Furnace vrith Special Reference to 
Automatic Control, xxvi, 1047-1078. 

Huff concentrating machines: limitations, 350. 
use, 349. 

HuurBEY, M.: steel hardening theory, 1145. 

Hunt and Douglas process, reference, 98, 103. 

Huntlet, L. G.: Columbia and Peru (Petroleum 
Production), zxiv. 

Hydraulic nodning: molding sands: 384, 387. 
view, 386. 

Hydrogen: blowholes in rimmed steel: effect, 
1032. 

views, 1032. 

deoxidation tests, data, 764. 
reduction apparatus, view, 785. 

Illinois: glass sand, occurrence, 419. 
industrial sands, occurrence, 434. 
see also Ottawa, III. 

Illuminating gas, as deoxidiser, analysis, 755. 

Impact tests: Al-Cu-Si alloy, 467; 
data, 476-478. 


Impact values, effect of quenching temperatures, 
937. 

Improvements in the Series System of Electrolytic 
Copper Refining Recently Devdoped 
by the Nichols Copper Co. (Mebbxss), 
XXV, 123; Discussion, 142-145. 

Increasing the Extraction of OU by WcUer Flooding 
(Umplbbt), xxiii. 

Increasing Production by Shooting (Hill), xxiii. 

Indiana: see JBosi Chicago. 

Industrial relations, papers, zxvii. 

Industrial sands: preparation and use, research 
needed, 447. 

special: by-products, 446. 
definition, 434. 

mining and preparation, methods, 435. 
photomicrographs, 438-444. 
supply, sources, 343. 
usee and properties, 437. 
washed, anal 3 rBes, 446. 
transportation, 437. 

see Abrasive: Chemical; Engine; Filter; 
Flooring; Metallurgical; Moulding; 
Oxychloride cement-plasters; Potter*s; 
Pulverising; Roofing; Sand-blast; Stand- 
ard; Stone-sawing sands. 

Influence of Temperature, Time and Rate of 
Cooling on Physical Properties of 
Carbon Sted-II (Foley, Clayton and 
Remiubbs), xxvi, 929-947. 

Inspiration Cons. Copper Co.: ferric sulfate 
leaching- teets: add, amounts and 
costs, 80. 

anodes, choice, 60. 

anodes and cathode effidendes, variation, 
control, 61. 

cathode, solubility in eleotrol 3 rte, preven- 
tion, 72. 

cement copper in discard solution, dissolv- 
ing, 72, 79. 
copper balance, 72. 
description, 63-71. 
electrolyte: alumina in, effect, 61. 

constituents, effect on voltage, 61. 
extraction, data, 64-70. 
heads, copper content, 64-69. 
laboratory oondusions, 62. 
lack of discard, problem, 80. 
ore sises, 61-63. 
predpitation, method, 59. 
problems, discussion, 59-62. 
purpose, 68. 
results: data, 64-70. 

discussimi, 63-71. 
solvent agent, 60. 
tails, copper content, 64-69# 
tank-house data, 70. 
washing method, 68. 
leaching: experiments, history, 82-83. 
methods, comparison, 74-80. 
solutions, acidity, 100. 
ore, accessibility to solutions, 62. 
ores tested, copper content, 59. 
pilot plant: description, 71. 
flow sheet, 74, 
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Institut« of Metals; annual lecture, 628-656. 
oommittee, zitt. 
papen, list, zz, zzr. 

Interersratalline brittleneaB: aee Metali. 

Interorjratalline oement, amorphous, criticism of 
theory, 855. 

International Smelting Co. plant. Salt Lake City, 
equipment, 174. 

Interstrain theory, eteel hardening, 1145. 

IrUrodttetion to VltroMolet Metallography (Lucab). 
zzvi, 000; Discussion, 924-^25. 

Inveetigatum into the Cavee of Breakage «n Crude 
IHpe4ine Traneportation Syeteme (De- 
lay an), zziii. 

Ineeetigation of Cruehing Phenomena (Gaud in), 
zxY, 253; Discussion, 31(>-316. 

In wood limestone: breakage, 310. 
logarithmic sise-curvM, 308, 309. 

Iron: cold-worked ingot: hardness: effect of 
annealing: curves, 927. 
daU, 926, 928. 
discussion, 926. 
test specimens, view, 927. 
consumption, leaching copper solutions. 56. 
effect in: aluminum brass, data, 824. 
aluminum silicon alloys, 582, 583, 587. 
brass, 810. 

photomicrographs, 813-815. 
on modi6ed aluminum-silicon alloys, 598, 
602. 

on recovery of copper in leaching, 57. 
dotation oils and reagents, 353. 
in aluminum-silicon alloys, limit, 619. 
introduction into brass, method, 811. 
in troostite, condition, 878. 
precipitation with, 59. 

leached copper, consumption, 50. 
pure: critical temperatures, 985. 
hardness, increase, cause, 1006. 
millivolt readings, 985. 
scrap, for precipitation, cost, 104, 105. 
solubility: see Neumann bands, effect. 
structures, ultra-violet selective character- 
istioe, 924. 

see also Alpha iron; Oamma iron; Ferric 
oxides; Ferrous oxides; Martensite; 
Wrought iron. 

Iron alloys, aluminum base: see Piston alloys. 
carbon-free, hardness, 1006. 
see also Aluminum-iron'-sHicon alloys. 

Iron and carbon, in martensite, bond, 865. 

Iron and nickel: see Aluminum brass. 

Iron and steel: committees, xiii. 

mechanical treatment, committee, xiii. 
papers, list, zviii, zzvi. 

Iron blast-furnace slags, impurities, removal, 30. 

Iron-carbon diagram: development, 1141. 
sketch, 1142. 

7r<m Fields of the Iron Springs and Pinto Districts, 
Iron County, Utah (MacVichie), 
zviii. 

Iron-nickel diagram, sketch, 1144. 

Iron-nitrogen diagram sketch, 1151. 

Iron ore: moisture, variability, 1018. 

silica in, variation, 1021. 

Iron-ore oommittee, ziii. 


Iron ozide, content: ferrous-slags, 19-27. 
reliability, 28. 

glass sands, occurrence and effect, 403. 
open-hearth slag, formation, 1109. 
replacement by zinc oxide, slag-formation 
temperatures, 13-17. 

“Iron” problem, copper leaching, possible solu- 
tion, 44. 

Ironton, Utah, A. I. M. E. trip, zvii. 
Iron-tungsten alloys: carbon in; effect; 1004. 
photomicrographs, 1(X)4, 1005. 
cooling curves, 984. 
critical temperatures, 985. 
discussion. 1002. 

grain size, effect of tungsten content: 989, 
1003. 

photomicrographs, 986. 
hardness: effect of aging: curves, 091-994. 
data, 994, 995. 
discussion, 991, 1003. 
effect of tungsten content, 986, 989, 1003. 
measurements, 990. 
millivolt readings, 985. 
photomicrographs, 972-983. 
physical properties: effect of aging: curves, 
999-1001. 
data, 1001. 
discussion, 999. 

tungsten content, effect, 986, 989, 1003. 
Iron-tungsten-carbon steel, hardness, diagram, 
1005. 

Iron-tungsten system: description, 1003. 
equilibrium; diagram, 970-971. 
discussion, 970. 

IronAungsten System (Sykes), 968; Discussion, 
1004-1008. 

Isochores, Van’t Hoff’s formula, 1108. 


Jacobson, Simon, Sackett, B. L., Babdwell, 
Cablos, Jensen, N. H. and: Lead 
Smelting in Utah, zviii, 171-197. 

Jackson, P. W.: BlaU Furnace Plant of the 
Columbia Steel Corporation, zviii. 

James Douglas medal, presentation, 1926, zzii. 

Jaw crushers: particle breakage, manner, 264. 

— 200-me8h material, computed, and ob- 
served, data, 288. 
see also Homogenous rocks, 

Jeffbibs, Zat: on hardening of steel, 863, 868, 
870, 871, 897. 

Jenkins Pbocbss (Welling), zziii. 

Jensen, N. H., Sackett, B. L.: Bardwell, 
Carlos, Jacobson, Simon and: 
Lead Smelting in Utah, zviii, 
171-197. 

Jessup, D. W.: Evolution in the Preparation of 
Ores for Lead Blast Furnaces, zviii. 
Discussion on Lead Smelting in Utah, 197. 

Johnson, Frederick, on ozygen-free versus 
“tough-pitch” copper, 724. 

Johnson, J, E. Jr.: prize, award, 1926, zzii. 
work of, reference, 30. 

Jones, E. L.: Discussion on Mining and Prepara- 
Hon of Eastern Molding Sands, 389. 
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D. and Whitbiibad, £.: Th€ AimMdinQ 
Cracking of the Nickel SihcrCt xx, 834- 
849. 

JoNXS, J. L.: Diactucion on Modification and 
Proporticc of Sand<aat Aluminum- 
aQicon AUoyCt 610. 

JoBOXifSBNt £. L.: Diceuacionc on: Conductivity of 
EUdrclyUc Uaod in the Electrolytic 
Separation of Gold and SUvet^ 122. 
Improeemenie in the Seriee Syetem of 
Eleetrolytie Copper Refining ae Re- 
cently Developed by the Nichole Copper 
Co., 143. 

JoBBPH, T. L.: Dieeueeion on Probable Error in 
BUuA-fumace Record and Calculatione 
Therefrom, 1023. 

K 

Kaneaa-OHahoma, {Petredeum Production) (Mo 
Whibt), xxiv. 

Kkatb, J. L. and Hbbtt, C. H. Jb.; Elimination of 
Metalloide in the Baeic Open-hearth 
Proceee, xxriit 1079-1106. 

Kkiolbt, C. T.: New By-product Coke Plant of 
the Columbia Steel Corporation, xviii. 

Kemp, L. W. and Abchkb, R. S.: Modification 
and Pfopertiee of Sand coat Aluminum 
eUieon Alloye, xxv, SSI'-GIO. 

Kentucky, bentonite, aource, 390. 

Kxbn, E. F.: Dieeueeion on Conductimty of 
EUctrolytee Ueed in the Electrolytic 
Separation of Odd and Silver, 118, 120- 
122 . 

Kbbk, £. F., Coloobd, F. F., Mulligan, J. J. 

and: Conductivity of Electrolytee in the 
Electrolytic Separation of Cold and 
SUver, xxv, 108-117. 

Kkte8, H. E., Oldbioht, O. L., Wabtman, F. S., 
and: Production of Ferric Sulfate and 
Sulfuric Acid from Roaster Gas, xix, 
84-98. 

Keystone mine, A. I. M. E. trip, xvii. 

Kick’s law, mechanical effidenoy, versus Rit< 
tinger*s, 298. 

Konorr, C. L., Jb.: Robert W. Hunt medalist, 
1926, xxiL 

DiKueeion on Making Rimmed Steel, 1044. 

Kinnbt» S. P.: j. E. Johnson, Jr. prise, 1926, 
xxii. 

Kish, definition, 1090. 

Kunobb, Pattl, on the nature of gases in live and 
killed steel, 1041. 

Knapp, Abthub: Petroleum Staiietice and the 
Economic Situation, xxiv. 

Knapp, A., Bbooks, B. T., Dat, R. B., and: 

Economic Incidence of Cracking, xxiii. 

Knox, W. J.: Cleaning OU Welle by Heated 
OH, xix. 

Epamer, Calif.: borate deposits: beds, description, 
464-548. 
history, 453—459. 
map, 455. 

unaltered, significance, 451. 
oolemanite: deposits, origin, 450, 462. 
madmens, description, 450. 

Kbaicpbbt, £. W.: Lost Soldier Oil Field, xix. 


L 

Labbb, a. L.: Application of the CottreU Proceee 
in Lead and Copper Smelting, xviii. 

Labor, Nichols Copper Co. refinery, 142. 

Ladle: see Open-hearth, baeic; elag. 

Labbb, F. H.: Testae Outeide Qulf Coaet {Petroleum 
Production), xxiv. 

Lark, Utah: copper concentrate tailings, leaching 
tests, 65. 

copper predpitation plant at, 48. 

Laet Twenty-five Yeare of Metallography — Howe 
Memorial Lecture — (Camfbbll), 
xxvU, 1133-1178. 

Lattice energies: see Crsrstals named. 

Lattice structures, alpha and gamma iron, 852. 

Laurel Hill, N. Y. C.: see Nichde Copper Co. 

Laws, E. H.; Dieeueeion on Lead Smelting in 
Utah, 198. 

Lawton, V. O.: Dieeueeion on the Chief Con- 
edidated VdatHieotion Proceee and 
MOl, 210. 

Leaching: add, costs, 78, 80. 

film water versus mass percolation, 38-42. 
percolation, description, 319. 
segregated unleashed areas, causes, 78. 
soluble in absorbing medium, equation, 
37. 

solubles, difficulty, 37. 
water and time needed, determination, 
37. 

see also Copper; Inspiration Cone. Copper Co., 
ferric etUfate leaching; New Cornelia 
Ohio Copper Co., Copper Co.; Sand 
filtration; Silver, leaching; Standard 
Reduction Co. mill; Water, 

Leaching Mixed Copper Ores with Ferric Sulfate; 

Inspiration Copper Co. (Van Abs- 
dalb), xxv, 58; Discussion, 74-83. 

Leaching solutions, addity, discussion, 100. 

Leaching tanks. Standard Reduction Co. mill, 334. 

Lead: antimony in, solubility, 507. 
concentrating, recoveries, 351. 
dressing and casting, Utah practice, 187. 
flotation oils and reagents, 353. 
in copper, effect, 684, 693. 
predpitation: see Standard Reduction Co. 
mm. 

recovery, volatilisation process, 209. 
reduction and refining, committee, xii. 
removal from blast furnace, method, 187. 
smelting: arsenic recovery, methods, 195. 
baghouses, description, 192, 194, 195, 196. 
blast-furnace matte, prsroasting, 176. 
blast-furnace practice: difficulties, 189. 

Utah, 182-189. 

cadmium recovery, method, 197. 
caldnation, Utah practice, 175, 177. 
copper matte, blowing in converters, 195, 
190-197. 

drosdng, practices, 198. 
flue dust, and fume^ recovery« Utah 
197-199. 

pracUoe at Salida, Colo., 198. 

preroasting, Utah, 174. 

sinter fines, treatment^ methods, 180 . 
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Lead: smelting; sintering: pallet speed, 181. 
sulfur problems, 180, 181. 

Utah praotioe, 177-182. 

Utah: early praotioe, 171-173. 
meohanioalisation, 173. 
present plants, looation and equipment, 
173. 

see also Anodet; Lead blaet-fumaeee. 
Tolatilisation, 211. 

white, eleotrolsrtio; see Sperry proeeee. 

Lead and tin, in copper, effect, 080, 687. 
Lead-antimony alloys: annealed: effect, photo- 
micrograph, 615. 
tensile strength, data, 510. 
oast, tensile strength, 513. 
conductivities: effect of aging time, 512. 
measurement: 508. 
curves, 500-612, 
density curve, 510. 

hardening: annealing temperature: effect: 
510. 

curves, 518. 

antimony content, effect, 523-525. 
heating time, effect, 518. 
mechanism, 635. 
quench rate: effect, 525. 
curves, 525, 526. 

rate and amount, factors, 510-526. 
speed: factors, 536. 

curves, 520-526. 
summary. 520. 
tests, conclusions, 528. 
particles, agglomeration, 512. 
photomicrographs, 511-515, 530-534. 
physical properties, investigations, 505. 
softening: high temperatures: data, 527. 

curves, 527, 528. 
solidification, reaction, 511.* 

Lead-antimony system: equilibrium diagram: 
516. 

determination, method, 506-516. 
investigations, 505-516. 
peculiarities, 510. 

Lead- Antimony System and the Hardening of Lead 
Alloys (Dban, Zickricx and Nix), 
XXV, 505; Discussion, 520-540. 
Lead-antimony-tin alloys: hardening tests; 
curves, 537-638. 
conclusions, 537. 
daU, 536-537. 

Lead-blast-furnace, matte: handling, 185. 
preroasting, 176. 

Lead blast-furnaces: charging, 183. 
description, 182. 
dust catchers, description, 104. 
operation, 185. 

slag: analsrsii and handling, 185-187. 
impurities, removal, 28-30. 
permissible sino-oxide content, 3-5. 
see also Ferrous slags. 
tapping floor, ventilation, 188. 

Lead-copper matte, blowing in converters, 105, 
107-108. 

Lead Smelting in Utah (Sacxutt, Babdwell, 
Jacobson and Jbnsbn), xviii, 171, 
Discussion, 107-100, 


Lead sulfate, solubility by sodium sulfate, 326. 

Leadville, Ck>lorado, district, low-grade sine 
deposits, 6. 

Lb Chatblxbb, H., on hardening of steel, 863, 
866, 868, 871, 807, 1145. 

Lbitbb, Susan B.: Annealing of Commercial 
Copper to Prevent Embrittlement by 
Reducing Oases^ xxvi, 776-782. 

Lbmkb, C. a. : Flotation Development and Simpli- 
fication at the Ophir Hill Consolidated 
MiU, xviii. 

Milling Practice at Midvale^ xix, 342-353. 

Lxstxb, H. H., on hardening of steel, 863, 866, 
868, 870, 872, 808. 

Lxwis, J. H.: Discussion on Investigation of 
Crushing Phenomena^ 312-14. 

Lignite, removal from sand and gravel, 430. 

Lime: in ferrous slags tested, content, 10-27. 
in glass sands, ocourrenoe and effect, 404. 
replacement by sine oxide in slag, 13-16. 
solution from limestone, open-hearth charge, 
rate, 1005. 

Lime and sodium carbonate, flotation of sulfides, 
effect, 356, 357, 350. 

Lime boil: see Open-hearth process. 

Limestone, solution of lime from, open-hearth 
charge, rate, 1005. 

Lindsay, J. C. : Graphic Method of Work Done by 
Producing WeUs, xix. 

“Line loss,“ electrolytic copper refining, preven- 
tion, 132. 

Lining: see Open-hearth furnace. 

Liquid Oxygen as an Explosive (O’Nbjll and 
Van Fleet), xxvii. 

Liquid Sulfur Dioxide Process (Edeleanu), 
xdii. 

Lithium bromide or 3 rBtal, lattice energy, com- 
pressibility and pressure coefficient, 
646. 

Lithium chloride crystal, lattice energy, com- 
pressibility, and pressure coefficient, 
646. 

Lithium fluoride crystal, lattice energy, compressi- 
bility, and pressure coefficient, 646. 

Idxiviant: see Solvent agent; New Cornelia Copper 
Co. 

Locke, C. E.: Discussions on: Classification in 
Witwalersrand Mills. 250. 

Crushing Phenomena. 315. 

Mechanism of Filtration. 238. 

Locomotives: see Electric locomotives. 

Logan, W. N. and others; Mississippi Valley 
Field. (Petroleum Production), xxiv. 

Logarithmic sise-ourves, 301-300. 
interpretation, 310. 
method of plotting, 255. 

Log-log plot, hardness test, load-diameter rela- 
tionship, 662. 

Longtbab, R. D. and Donovan, P. W.: Core 
Drilling Technology: Diamond Drills, 
xxiii. 

Lost Soldier Oil Field (Kbampbrt), xix. 

Lost Soldier, oil and gas field, A. L M. E. trip, xvii. 

Lucas, F. F.: on hardening of steel, 863, 866, 
868, 872, 800. 

on nature of martensite in carbon steel, 877. 
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Lucas, F. F.: IntrodwHon to UUra^vioUt MMal- 
lographUt xxri, 909, 924; Discussion, 
924-925. 

Lumberton sands: strippins: problems, 382. 
view, 383. 

M 

McAdam, D. J., Jb.: Endurance Properiiee of 
Nor^fmrout Metalo-I, zz. 

McAdam, D. J., Jr.: Endurance Propertxee of 
Eon-ferroue Metcde-II, xzv. 

McCancb, a., on hardening of steel, 864, 866, 
869, 870, 872, 900, 1145. 

Madean Institute of Metals brasses, analyses. 

80a 

McClrnahan, j. S.: Diecueeion on Lead Anti- 
mony System of Hardening of Lead 
AUoys, 639. 

McCormack, C. P.: Diecueeione on: ClaseiAca- 
Hon in Wittoatersrand Mills, 249, 250. 
Investigation of Crushing Phenomena, 311, 
314. 

MoDougall roasts: lead ore: description, 174. 
operation, 174-177. 

McElbot. O. E.: Some Important Factors in 
Metairmine Ventilation, xziv. 

McGill University, crushing tetsts, 310. 

McGrxw, F. R.: Corrosion of Pipe Lines and 
Protective Covering, zxiii. 

MacVichiz, Duncan: Iron Fields of the Iron 
Springs and Pinto Districts, Iron 
County, Utah, zviii. 

McWhirt, Burr; Kansas-Oklahoma (PHroleum 
Production), zziv. 

Mador, W. C.: Discussion on Method of Un- 
loading and Coarse-crushing Practice 
at Magna Plant, Utah Copper Co., 
224. 

Madge, W. C. and Allen H. P.: Chloridizing 
Mill of the Standard Reduction Co., 
six. 317-338. 

Tintic Standard Co's, mill, zviii. 

Magna plant: coarse crushing: flow sheet, 216. 
methods and machinery, 215, 218, 220. 
section, 214. 
construction, 219. 

conveyors: description, 217, 220, 223. 
speed, 217, 224. 
view, 221. 
cost data, 223. 

dumping methods, description, 213-215. 
equipment, views, 217-222. 
ore, transportation, storage and handling, 
methods, 212, 213, 215-218, 220. 
primary crushing, method, 213. 
primary rolling, description, 222. 
secondary crashing, method, 220. 
screening towers, view, 222. 

Magnesia, in glass sands, occurrence and effect, 
405. 

Magnesium, open-hearth slag, variation, 1083. 
1089. 

Magnesium-aluminum alloys, aging rate, effect, 
539. 

Magnesium oxide, crystal, atomic structure, data, 
644. 


Magnesium spark, metallography, use, 916, 919- 
922. 

Magneton numbers, rare earths, 639, 640. 

Making Rimmed Steel (PaxRca), xxvl, 1026; 
Discussion, 1036-1046. 

Manganese: open-hearth charge: decrease during 
run, curves, 1080, 1084. 
effect, 1035, 1044-1045. 
open-hearth process: elimination, reaction 
formula, 1113. 
equilibrium: data, 1121. 
reactions, 1114. 
slag basicity, effect, 1120. 
temi>erature effect: 1118. 
curves, 1116, 1120. 

open-hearth slag, variation, curves, 1083, 
1086. 

residual, calculation, 1122. 

Manganese alloys, aluminum base: see Piston 
alloys. 

Manganese bronse: heat treatment, effect, curves, 
1170. 

structure, photomicrograi>h, 1169. 

Manganese-nickel bronse, analysis, 800. 

Manganese ores, clay in, grinding troubles, 250. 

Manhattan schist, logarithmic sise-curves, 301- 
303, 308, 309. 

Mann, H. T.: EjFsci of Zinc Oxide on the Forma- 
tion Temperatures of Some Ferroas 
Slags, xzv, 3. 

Manning, Van. H.: Research and the Oil Industry, 
zxiii. 

Map, Kramer, Calif., 455. 

Mapleton Depot, Pa., glass, sand, shape of grains, 
view, 410. 

Marketing: see Cement copper. 

Martensite: carbide molecules, position, 869. 
carbon atoms, position, 869, 806. 
carbon in, condition, 862. 
constitution, 1147. 

development along cleavage planes, sketch, 
878. 

examples, photomicrographs, 1149, 1150. 
formation, conditions, 867. 
fresh, hardness, cause, 1146. 
hardening of steel, effect, 860. 
hardness, cause, 867, 874, 907, 1007, 1145. 
beating, effect, 1146. 
iron and carbon in, bond, 865. 
iron in, condition, 861. 
non-ferrous alloys, 1155. 
structure, discussion, 877. 
troostite in, photomicrograph, 946. 
ultra-violet light: selective characteristics, 
924. 

photomicrographs, 919-921. 

Marvin, Theo.: Some Drilling and Blasting 
Methods for Mining Coal in the United 
States, zxvii. 

Mascotte tunnel: see Ohio Copper Co. mine. 

Mass action, distribution, law, 1108. 

Mathews, J. A. on hardening of steel, 864, 866, 
872, 900. 

Matbewson, C. H.: Diecmsion on Action of 
Reducing Oases on Heated Copper, 
773-774. 
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MATBBWioir, E. P.; DisetuHon on Effect of Zinc 
Oxide on the Formation Temperature 
of Some Ferrous Slags, 28. 

Maotbi, P.: Ore Occurrences of the Park City 
District, zviii. 

Matte: see Lead Itast-fumace matte. 

Meehanieal eflBieieiicy: see Kick's law vs. 
Rittenger's. 

Mechanical Properties of the Aluminumrcopper^ 
sUieon Alloy as Sand Cast and as 
Heatrtreated (Danibls and Wabneb), 
XX, 484-478. 

Mechanism of , Filtration (Hixson, Wobk and 
Odbll), XXV, 225; Discussion, 234-238 

Mbobin, R. J.: Top Slicing in Old Fills at El 
Bor do Mine, Mexico, xxvii. 

Mbissnkb, K. L.: The Microstructure of Alumi- 
num, XXV, 622-826. 

Melting tests, Seger cones, 12. 

Memi^iis, Tenn., lignite, removal from sand and 
gravel, 430. 

Mebbxs, M. H.: Improvements in the Series System 
of Electrolytic Copper Refining Recently 
Developed by the Nichols Copper Co., 
XXV, 123. 

Discussion on Improvements in the Series 
System of Electrolytic Copper Refining 
Recently Developed by the Nichols 
Copper Co., 142-144. 

Metallography: bibliography, 1175. 
blue light, photomicrograph, 922. 
committee, xiii. 

identification of structures, 924. 
non*metallics, 1173. 
research, review, 1135. 
shortcomings, 904. 
spark used, discussion, 916. 
ultra-violet; apochromatic system, compari- 
son, 919. 

bas-relief, causes, 925. 
equipment: description, 910. 
diagram, 913. 
views, 911, 912. 

exact focusing, importance, 915. 
illuminating beam, restriction: 916. 
effect, 921. 

optical combinations, 917. 
optical system, diagram, 910. 
plates, 018. 

photomicrographs, 917-923. 
resolution obtainable, 919. 
selective absorption, 924. 
see also, Monochromat objectives; Quartz 
eye^pieces; Photomicrographs. 

Metalloids: basic open-hearth: elimination tests, 
charge, variation during run, curves; 
1080. 

coal rate, 1097. 
conclusions, 1096. 
curves, 1084, 1085. 
description, 1079. 

ferromanganese used, analysis, 1105. 
fttrrosilioon used, analysis, 1105. 
furnace temperatures, curves, 1092. 
metal during run, analyses, 1098. 
raw materials, analyses, 1105. 


Metalloids: basic open-hearth: elimination tests, 
charge, variation during run, curves; 
results, 1088. 
sampling methods, 1081. 
scrap used, analyses, 1105. 
slag: analyses during run, 1101. 

variation curves, 1082, 1083, 1086- 
1090. 

weights, 1091. 
sulfur in furnace, 1093. 

Metallurgical cyanide, flotation in British Colum- 
bia, 371. 

Metallurgical sand, properties and usee, 445. 

Metallurgy: relation of atomic structure, 628. 
see also Institute of Metals; Iron and Steel; 
Non-ferrous metallurgy; Open hearth. 

Metals: atomic structure, need for more data, 
628, 653. 

grain-growth loss: 1138. 

photomicrographs, 1140. 
in ter crystalline brittleness: discussion, 750. 

photomicrographs, 751-753. 
lattice structure, 647. 
structures, description, 1135. 
see also Precious metals; Uncommon metals; 
and metals named. 

Method of Unloading Ores and Coarse-crushing 
Practice at Magna Plant of Utah Cop- 
per Co. (Mix and Babkeb), xviii, 212; 
Discussion, 224. 

Mexican Oil Fields (Gabfias and Whxtsbl), xxiv. 

Meyer’s analysis: ball indentation test: annealed 
copper: chemical analyses, 665. 
hardness measurements, 666. 
photomicrographs, 660, 661. 
results, data, 667, 669. 
spcctrographic analyses, 665. 
cold-rolled copper, results, 669. 
feature, 657. 

load-diameter relationship: discussion, 
56&-664, 671-675. 
equation, 659. 
log-log plot, 662. 

load, relation to bearing strength, curves, 
672. 

loading time, effect, curve, 659. 
limitations, 677-678. 

Michigan: see Sylvania sand. 

Microscopic Structure of Copper (Pulsifer), 
xxvi, 707; Discussion, 739-741. 

Microscopical sizing, difference with screen sizing, 
correlation, 316. 

Microstructure of Aluminum (Meissner), xxv, 
662; Discusssion, 626-627. 

Midvale, Utah; A. I. M. E. trip, xvii. 

electrostatio mill: description and use, 248. 
dust-collecting system, 350. 
heads and products, analyses, 350. 
recoveries, 351. 

flotation mill, description and use, 351. 
milling problem, 342. 
ores treated, description, 342. 
plant, equipment, 173. 
tube mill feed and product, -analsrses, 346. 
wet mill: practice and equipment, 342-348, 
recqverieSf 351, 
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MiiJUiS, A. E.: TrtcMno (OU Rt^nino iVocMMt), 
xxiii* 

MiX/UUtr M. B.: Wax SeparaHon, xxiii 

Milxjbb, R. S. and Babowbll, E. S.: Um of 
Pvlveriied Coal in Copper Refining 
Fwmaceet xviii. 

MxLUUt, WAi;rBR: Batie Change* in Refining Proe- 
eeeea, xxiii 

JBeonomic Effect of Baeie Change* tn Refinery 
Operation^ xxiii. 

Millikan, C. V.: U** of Qa* MeUr* for Deter- 
mination of Pay ^ata in Oil Sand*, 
xix. 

Milling methods, committee, xii. 

Mining papers, lists, xviii, xxv. 

Milling Practice at Midvale (Lbmkk), xix, 342- 
353. 

Mills: see Ball miU; Harding* conical; Midvale; 

Rod miU; Standard Reduction Co. milL 

Millville, N. J., sands: hydraulic mining; 384. 
view, 386. 

mining and preparation: 384, 387. 

views, 385. 
mining costs, 384. 
stripping problems, 382. 

Milwaukee, Wis., bentonite use, 389. 

Mine ventilation papers, xxiv. 

Mining: see Sand*. 

Mining and Preparation of Eastern Molding 
Sand* (Bibd), xxv, 381; Discussion, 
388-393. 

Mining geology papers, lists, xviii, xxvi. 

Mining laws, borate deposits, inaccuracies, 461. 

Mining Method* m (Trass Valley Dietrict, Calif. 
(Fulton and Footx), xxviL 

Mining methods papers, lists, xviii, xxiv, xzvii. 

Mining Petroleum in France and Germany (Rics 
and Davis), xxiv. 

Minnesota, industrial sands, occurrence, 434. 

Mibbb, H. D. and others: Mississippi VaUey 
Field {^Petroleum Production), xxiv. 

Mississippi VaUey Field (Petroleum Production) 
(Moulton, Misbb and Loo an), xxiv. 

Missouri: glass sand, occurrence and mining, 420. 
industrial sands, occurrence, 434. 

Mix, B. K: Discussion on: Method of Unloading 
and Coarse-crushing Practice at Magna 
Plants Utah Copper Co.^ 224. 

Mix, B. E. and Babxbb, L. M.: Method of 
Unloading and Coarse-crushing Prac- 
tice at Magna Plant, Utah Copper Co., 
xviii, 212-223. 

Mitakb, M. and Stoughton, BBAnuer: Pre- 
liminary Study of Magnesiumrbase 
Alloys, xxv. 

Modification and Properties of Sand-cast Alumi- 
num^SUicon AUoys (Abckbb and 
KBMpy), xxv, 581; Discussion, 619- 
621. 

Moisture: see Coke; Iron Ore. 

Molding materials, brass, disousdon, 832. 

Molding sands, eastern, mining and preparation, 
381-388. 

Molds: set Rimmed sieeL 

Molybdenite, sodium-cyanide flotation tests, 370. 

Molybdenum, effect on hardness of iron, 1006. 


Monoohromat objectives; description, 914. 
magniflcations, 914. 
optical camera-lengths, 914. 

Montana; see Bulls. 

Moore filter: description, 163. 
view, 159. 

Moobb, H. F.: N(Aes on the Fatigue of Non- 
ferrous Metals, xx. 

Moulton, Q. F. and others: Mississippi VaUsy 
Field (Petroleum ProdueUon), xxiv. 

Mt. Holly: see Lumherton sands. 

Ml Union Sand Flotation Plant for the Prepara- 
tion of Bituminous Coal (T. M. 
Crancb), xxvii. 

Mubllbb, W. a. and others; Treatment of the 
Tellurido-hearing Gold Ores of the 
Wright- Hargreaves Mines, Ltd., xxv. 

Muffle furnace: see Ferrous slags, formation 
temperature tests. 

Mulligan, J. J., Dolcobd, F. F., Kbbn, E. F. 

and: The Conductivity of Electrolytes 
in the Electrolytic Separation of Gold 
and Silver, xxv, 108-117. 

Multiple system: see Electrolysis, copper. 

Murray, Utah: A. I. M. E. trip, xvii. 

Qermania plant, practice, 172. 
lead-smelter at, practice, 172. 

N 

Natural gas, open-hearth fuel, controlled com- 
bustion, data, 1068-1071, 1074, 1075. 

Naval brass: heat treatment, i^ect, curves, 1171. 
structure, photomicrographs, 1169. 

Naval Oil Reserves (M. W. Ball), xix. 

Near East (Petroleum Production) (Pobch), xxiv. 

Necrology, 1926, xxviii. 

Nxlson, W. a.: Discussion on Mining and 
Preparation of Eastern Molding Sands, 
388-389. 

Nernst’s law of distribution, 1109. 

Neumann bands: alpha iron, characteristic, 966. 
appearance, 964. 
armor, photomicrographs, 1153. 
discussion, 1139. 

effect, determination, standard, 964. 
effect on solubility of iron: curves, 963. 
data. 956. 
discussion, 955. 

formation: effect of explosion air-gap: 
discussion, 948, 966. 
photomicrc^aphiL 950-954, 957-962. 
further studies needed, 955. 
photomicrographs, 957-962, 1140, 1153. 
production by compression, 965. 
twinning theory, discussion, 964. 

New By-product Coke Plant of the Columbia Steel 
Corporation (Kbiolbt), xviii. 

New Cornelia Copper Co.: cathode, sdubility in 
electrolyte, prevention, 79. 
extraction data, different sise ores, 76. 
leaching: comparison 74-80. 
depth of solution penetration, 77. 
discard, 77. 

u nl eached areas, causes, 78. 
leaching plant, data, 106. 



INDEX 1201 


N«w Corneli* Copper Co.: lixiviant, content, 77. 
ore, copper distribution in different sixes, 75. 
solubility tests, ohaleocite and ohalcopyiite. 
77. 

tailings, copper distribution, 76. 

New Jersey: idess sand, occurrence and mining, 
420. 

industrial sands: occurrence, 434. 

photomicrographs, 440-444. 
see also Millville: Lumberton. 

New York: see Albany eande; Laurel Hill, 

New York meeting, 1926: xzi. 
technical sessions, xxii. 

New York Section, A. I. M. E., joint session, xxii. 

Nichols Copper Co.: charging cathodes, method, 
138, 139. 

electrolyUc method; see Electrolyeist copper, 
proposed plant improvements, 140. 
wire-bar furnace: practice, 138-140. 
equipment, views, 138-140. 

Nickel: effect in: aluminum brass, data, 823. 
nickel brasses : 802. 

photomicrographs, 804, 805. 
intercnrstalline brittleneae, photomicrograph, 
752. 

introduction in aluminum brass, method, 816. 

Nickel allosrs, aluminum base: see Piston alloys. 

Nickel and iron: see Aluminum brass. 

Nickel and tin: see Aluminum brass. 

Nickel brasses: high-xinc, physical properties, 
799. 

physical tests, description, 801. 
see also Aluminum brass; Brass. 

Nickel-iron: see Iron-nickel. 

Nickel-manganese bronxe, analysis, 800. 

Nickel silver: annealing: internal stress: qual- 
ity, effect, curves, 836. 
temperature effect: curvra, 845, 846. 
daU, 843, 844. 

annealing cracking, causes and prevention, 
847. 

changes during heating and cooling, 834. 
cracking temperature, determination, 835. 
cracks, types, photomicrographs, 839-841. 
grain sise: effect of annealing time: curves, 
837. 

data, 838. 

tensional stress from change of curvature, 
formula, 843. 

test specimens, analyses, 836, 842. 

Nip angle, crushed rook, relation to sixe of particle 
and ball, diagram, 277. 

Nip theory: see Rod mills. 

Nitric add: as etching reagent, 731, 735. 
in electrolytes, effect, 120. 

Nitrogen blowholes in rimmed steel, discussion, 
1032, 1042, 1045. 

Nitrogen-iron: see Iron-nitrogen, 

Ndc, F. C.: Dieeuseion on the Load Antimony 
Sy^em of Hardening of Lead Alloys^ 
XXV, 529-535. 

Ndc, F. C., Zxcxricx, Ltall, and Dban, R. S.: 

The Lead Antimony System and 
Hardening of Lead Alloys^ xxv, 
505-529. 


Nogales, Aria., mill, sodium-oyanide flotation 
tests, 370. 

Non-ferrous alloys: martensitio structure, 1155. 
structure, photomicrographs, 1158. 
see also alloini named. 

Non-ferrous metallurgy: committee, xii. 

papers, lists, xviii, xxv. 

Non-metallic metallography, 1173. 

Non-metallic minerals: A. L M. E. committee, 
xiii. 

papers, list, xxv. 

North Carolina, filter sand, photomicrograph, 439. 
Northport (Wash.) plant, lead smelting practice, 
198. 

Notes on the Fatigue of Non-ferrous Metals 
(MoOBB), XX. 

Notes on Otology of Tintic District (Cbamb), 
xviii. 

O 

Obituaries, deceased members, xxxi. 

Odbll I. H., Hixon, A. W., Worb, L. T. and: 

Mechanism of Filtration, xxv, 225-234. 
Officers, A. L M. E., 1926-1927, xi. 

Ogden Portland Cement Co., oxidised tailings 
test, results, 203. 

Ohio Copper Co: copper-contentrates: briquets: 
copper content, 51. 
moisture content, 51. 
physical properties, 51-53. 
shapes tested, 52. 
tests, description, 51-53. 
briquetting: advantages, 51, 53. 

pressures used, 51-53. 
water in, 50. 

leaching old workings: beu’ren solutions, 
copper content, 48. 
conclusions, 42. 
copper: production, 31, 33. 
recoveralde, 55. 

film-water percolation, advantages, 39-42. 
finandng, means, 31, 32. 

General Manager's report, 32. 
iron: harmful effect: 36. 
overcoming, 44. 

mass percolation, advantages and dis- 
advantages, 38-42. 
methods and principles, 31-57. 
operating costs, 53, 57. 
pregnant solutions: analyses, 47. 
copper content: 41-42, 48 
solubility in water, 42. 
recovery: 1924, 48. 

statistics, 32. 
scrap iron used, 33. 
smelting charges, 53. 
water: analyses, 43. 
supply, 42-43. 
volume, 47. 

water and air, factors in applying, 34. 
mine: caved sone: survey of, 54. 
tonnage in, 54-55. 
chaloodte, presence, 34. 

Dederioh tunnel: purpose, 38. 
use, 54. 
work in, 41. 
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Ohio Copper Co.: leaohiag old worUngi: Miae: 

Mosootte tunnel: leaohing equipment. 

47. 

use, 83. 

orebody: caving for leaching, possibility. 
54. 55. 

leached, description. 83~84. 
permeability to water, 35. 
precipitation: iron consumption. 50. 55. 
method, description, 45-50. 
plant, description. 45. 

Ohio, industrial sands, occurrence, 434. 

Oils: as power fuel, 08. 
flotation, 353. 

see also Crude oil; Petroleum, 

OiiDRiOBT, Q. L.: Dtecueeion on Production of 
Perrie Suifate and Sulfuric Acid from 
Roaeter Oae, ziz, 103. 

Olivite pump, description and use, 337. 
Olmstbad, S. Q.: Dtecueeion on Chief Coneol- 
idaied VolaHUeaHon Proceee and Mill, 
210 . • 

O'Nkxix, F. W. and Van Fubt, H. V.: Liquid 
Oxyoen ae an Bxjdoeive, zzvii. 
Ontario mine, A. L M. £. trip, zvii. 

Open>hearth committee, ziii. 

Open>hearth furnace, basic: available heat in 
bath, 1071-1073. 

charge, furnace and ladle additions, effidency, 
1095. 

combustion: automatic control: conclusions, 
1063. 

data; 1065-1078. 

discussion, 1050. 
operating results, 1058. 
calculations: 1047. 
discussion, 1050. 

control: equipment: description, 1055. 
figures. 1054-1067. 
combustion air. weight, 1068. 
combustion products, weight and heat con- 
tent. 1068, 1059. 

combustion regulators, sections, 1056, 1067. 
equilibrium, false, 1113. 
fuel: flow, rate, 1075. 
latent heat. 1074. 

supply, continuous, importance, 1062. 
gas-fired, layout, 1055. 
lining erosion: data, 1094. 
factors, 1003. 

prdieating air and fuel, heat available, 1070. 
production and consumption: producer-gas 
fired, 1060, 1061, 1076. 
coke-oven gas and tar fired, 1060, 1061, 
1077. 

rebuilding costs, 1052. 
see also Rimmed eteel; Slag, 

Open-hearth papen, list, zzvi. 

Open-hearth process, basic: dead heat and good 
bath, oomparison, 1110. 
elimination reactions, 1109. 
equilibrium tests: data, 1098 1132. 
laboratory, 1114. 

metal and slag, analyses, 1098, 1132. 
results: carbon, 1122. 
manganese. 1115. 
phosphorus 1125. 


Open-hearth process, basic: limeboO, equilibrium, 
1117. 

see also MetaUoide; Slag. 

Optical combinations, ultra-violet metallography, 
917. 

Ore Depoeite and Their Rdaiion to Structural 
Geology (Bsusson), zvili. 

Ore Occurrencee of the Park City Deitrid (Matbbw). 
zviii. 

Ores: transportation, storage and handling, 
methods, 212-223. 
unloading, see also Magna plant. 

Ore sites, leaohing tests, 61-58. 

Organic matter, in glass sands, occurrence and 
effect, 405. 

Organieation of Industry (Robbbts), zzvii. 

Oriskany sands, grades, 419. 

Operating Ckaracierietiee of Centrifugal Fane and 
Uee of Fan Performance Curve 
(Hubbb), zziv. 

Osborn, C. C. and Snabs, J. M.: Forecaeting 
Petroleum Production, zziv. 

Osmond, F.. steel hardening theory, 1145. 

OsTRANDBR, F. T.: Argentine {Petroleum Produc- 
tion), zziv. 

Ottawa, ni.: filter sand, photomicrograph, 438. 
sand-blast sand, photomicrograph, 441. 
sandstone, glass sand from, photomicro- 
graph, 411. 

Ozide volatilisation, conditions for, discussion, 

210 . 

Ozyohloride cement-plaster sand, properties and 
uses, 445. 

Ozygen: in air, weight, 1011. 
in copper, effect, 582. 
in film water, 39. 

in refined copper: direct determination: 

apparatus: description, 785, 792. 
sketches, 792, 793. 
views, 785, 786. 
method, description, 788, 793. 
sample, preparation, 787, 790. 
indirect determination, description, 795. 
relation to beating temperature: curves, 
788. 

data. 789. 

Ozygen consumption: see Blast furnace. 

Ozygen content, air, 1011. 

Ozygen eutectic: see Copper, microecopic structure. 

Ozygen-free copper versus “tough-pitch’* copper, 
use. 742. 

P 

Pachuca tanks, oomparison with Grecnawalt 
apparatus, 103. 

Pacific Coast Boraz Co., control of boraz lands, 
453. 

Paos fluz, aluminum-silicon alloys, action, 581. 

Painting, cathodes, process, 128. 

Paraffin: as bond, Seger cones. 7. 
impregnation of cathode, 120. 
trip, xvii. 

Park City, Uti^, A. I. M. £. trip. zvii. 

Park City Mining A Smelting mines, A. I. M. E. 

Park-Utah mines, A. I. M. E._trip, zvii. 
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pAXltBLBE, C. L.: Factors Affecting the Cracking of 
Pgtroleumt zxiii. 

Pabr, S. W.: Relation of Origin and Stale of Carbon- 
iMolian of Cool to ProbUtne of Low 
temperalure Carbonization^ zxvii. 

Paasoks, a. B.; Dizctuzionz on: Clazzification in 
WitwUerzrand MiUt, 251. 

Mechaniem of FiUrationt 237. 

Pesrlite: hardn«M, causes, 1145. ^ 
structure, sketch, 874. 

transformation of austenite to, diasrams, 880. 
ultra-violet selective characteristics, 924. 

Pebble miU: wear tests: 266. 
without pebbles, 264. 

PxiBCK, Carl: Making Rxmmed Steel, zzvi, 1026- 
1036. 

Pennsylvania: glass sands, occurrence, mining, 
and preparation, 414. 
industrial sands, occurrence, 434. 
see also Mapleton Depot; Potteville. 

Percolation leaching, description, 319. 

PermieeibU Limite of Toxic and Noxious Oases in 
Mine and Tunnel Ventilation (Satbrs), 
zziv. 

Pbrrott, G. St. J.: Discussion on Effect on Air 
Oap in Explosion System on Production 
of Neumann Bands, 966. 

Pbtbrb, W. a., Jr.: Fractionation, zzUi. 

Petroleum mining methods, papers, zix. 

Petroleum papers, lists, xix, xxii-xxiv. 

Petroleum Statistics and the Economic SUuation 
(Knapp), xxiv. 

Phosphor bronse, heat treatment, 1172. 

Phosphorus: effect on open-hearth equilibrium, 

1120 . 

equilibrium tests, charge, analyses, 1129. 
open-hearth charge, decrease during run, 
curves, 1080, 1085. 

open-hearth process: elimination: laboratory 
data, 1126. 

plant data, 1127, 1129. 
reactions, 1125. 
residual, calculation, 1129. 
temperature effect, curve, 1128. 
open-hearth slag, variation, curves, 1083, 
1087. 

Photoelectric phenomenon, metal crystals, dis- 
cussion, 651. 

Photomicrographs: aluminum alloys, 1158. 
aluminum-base piston alloys, 499-503. 
aluminum-copper alloys, 565-566, 569-600, 
572-573, 575, 576. 

aluminum silicon alloys, 473-475, 582-584, 
603-613. 

annealed copper bars, 660, 661. 
armor, structure, 1153. 
ball-mill products, 279, 282. 
banded ferrite, 945. 
blue light, 922. 

brasses: effect of: aluminum, 808. 
alundnum-niokel-tin, 827, 828. 
iron. 813-815. 
nickel, 804, 805. 
bronaes, 1169. 

burst boiler tube, 1145, 1152. 


Photomicrographs: carbon steel, furnace and air- 
cooled, 934-939, 941-944. 
copper: deoxidation, depth, 765. 
effect of reducing gases, 747. 
lead and tin-bearing, 684-687, 690, 691. 
copper-aluminum diffusion alloys, 1156. 
copper casting exudations, 701-705. 
copper-cuprous oxide, with and without 
annealing, 777-781. 

crushed rock, number and else of grains, 304- 
806. 

effect of cyanide solution: galena, 365, 367. 
pyrite, 366, 369, 377-379. 
sphalerite, 366, 388. 
idass sands, 410-412. 
grain-growth loss, metals, 1140. 
gun metal, 1169. 
industrial sands, 438-444. 
interorystalline brittleneos_in]|metal8, 751- 
753. 

iron-tungsten alloys: 972-983. ‘ 
grain sise, tungsten-content, effect, 986. 
iron-tungsten-carbon alloys, 1004, 1005. 
martensite, examples, 1149, 1150. 

Naval brass, 1169. 

Neumann bands: explosion air-gap teats, 
950-954, 957-962. 
armor, 1153. 

nickel silver, cracks, tsrpes, 839-841. 
non-ferrous alloys, 1158. 
preparation of specimens, 731-739, 741. 
quarts: rod-mill products, 269. 
roll-crushed, 261. 
wear-test products, 266. 
silver crystals formed in eleotrol 3 r 8 i 8 , 115-116. 
steel, hardened, 875, 876, 877, 879. 
troostite: examples, 1149, 1150. 

in martensite, 946. 
ultra-violet metallography, 917-923. 
Photomicrography: see Metallography. 
Physical-chemical laws: see Mass action; Nernst’s 
law; Van*t Hoff isochore. 

Physics, iron and steel, committee, xiiL 
Pig iron: see Rimmed steel, charge, 

PiLLiNO, N. B.: on action of reducing gases on 
copper, 745. 

Disctxssions on: Action of Reducing Oases on 
Heated Copper, 772-773. 

Effect of Lead and Tin with Oxygen on the 
Conductivity and Ductility of Copper, 
695, 697-699. 

Pilling, No. B. and Halswbll, O. P.: Effect of 
Lead and Tin with Oxygen on the 
Conductivity and Ductility of Copper, 
xxvi, 679-692. 

Pilot plant: definition, 99. 

see also Inspiration Cons. Copper Co. 

Piston alloys: aluminum base: before and after 
tests; photomicrographs, 499-503. 
physical properties, 482, 488. 
etching, method and reagents, 485. 
heat-treatment, description, 483. 
ingots, chemical composition, 481. 
raw materials, chemical composition, 481. 
reheating tests: condusions, 497. 
procedure, 483. 
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Piston nUoys: nluminum bue: reheatinc tests: 
puipose, 481. 
results: data, 488-487. 
curves. 490. 492-495. 497. 
discussion. 489-497. 

test bars: mechanical tests, description, 
484. 

mold: view. 482. 
pr^aration, 483. 

unetohed. colors and oharaoteristios, 485. 

Plastio fire, phyrical properties, 892. 

PoouB. J. E. : RekOion hsiwcsn Price and Siocka of 
Oaaoline^ xziv. 

Trend of Prieea in ike Petroleum Induetry, 
xziv. 

PoBCH. E. L., Jb.: Near Eaet (JPetreleum Produc- 
tion) t xxiv. 

PoBTBB, J. B.: Dieeuaeione on: InveetiffaHon of 
Cruahing Phenomenat 310. 

Mechaniam of FUtraHont 235. 

PoBTBvzN, A.: on hardening of steel, 865, 868, 
887. 

Portland filters, view of, 204. 

Poaaibilitiea of Future Production from the Pre- 
Chattanooga Seriea of NortheaaUm 
Oklahoma (Whxtb), xxiv. 

Potassium bromide crsrstal, lattice energy, com- 
pressibility, and pressure coefficient. 
646. 

Potassium chloride crystal: lattice energy, com- 
pressibility and pressure coefficient, 
646. 

lattice structure, data, 644. 

Potassium fluoride crsrstal, lattice energy, com- 
pressibility and pressure coeffident, 
646. 

Potassium iodide crystal, lattice energy, com- 
pressibility and pressure coeffident, 
646. 

Potassium nitrate, electrolytes, effect on conduc- 
tivity, 120. 

Potomac Rivo* sand, photomicrograph, 440. 

Potter's sand, properties and uses, 443. 

Pottsville, Penn., sandstone, glass sands from, 
419. 

Pouring, brass molding, discussion, 833. 

Pouring dishes, melted brass, discussioD, 833. 

Power oonsumpdon, electoolytio copper refining, 
13L 

Power supply: see Standard Reduction Co, miU, 

Predoi 2 s metals, extraction and refining, com- 
mittee, xiL 

Predpitation: copper, cost, 104, 105. 

see also Bleetrolytie precipitation; Iron; 
Ohio Copper Co,; Sulfur dioxide, 

Predpitation i)lant: see Ohio Copper Co. 

Predpitation rate: see Copper^ leaching, 

Predpitation theory, aluminum-copper alloys, 
577. 

Predpitators, description. 334. 836. 

Preliminary Study of Magneeium-Baae AUoya 
(Stoughton and Mitaxb). xzv, 541; 
Discussion. 557-559. 

Premier mine, B. GL. flotation by metallurgical 
cyanide, 371. 


Preparation and Uaea of Special Induetrial Sonde 
(Wbiobl), xxv, 434; Discussion. 448. 

Preroasting, lead ore, Utah practice, 174. 

Pressure versus vacuum filter, discussion. 235. 

Pressures, high, filtration, effect, 235. 

Pbicb, W. B.: Diacuaaiona on Annealing Cracking 
of (he Nickel Silvera, 849. 

Lead Antimony Syatem of Hardening of 
Lead Alloya, 535. 

Primbosb, j. a.: DiatiUation by Pipe StHUf xziii. 

Probable Error in Blaat-fumace Reeorda and 
CaleulaHona Therefrom (Rbad), 1009; 
Discussion. 1023-1025. 

ProbUma of Pumping Deep Wcdla (Ubbn), xix. 

Producer gas, open-hearth fuel, controlled com- 
bustion, data, 1068-1077. 

Production: see Bingham mines, Utah; Zinc. 

Production of Ferric Sulfate and Sulfuric Acid 
from Roaater Oaa (Olobigbt, Kbtbs 
and WARTifAif), xix, 84; Discussion, 
98-107. 

Pulp: see Filtration, 

PuLSiFBB, H. B.: Microaeopical Structure of 
Copper ^ xxvi, 707-739. 

Diaeuaaion on Microacopie Structure of 
Copper, 740, 741. 

Pulverising, white lead for shipment, 166. 

Pulverising sand, properties and uses, 445. 

Pump: see Olivite pump, 

Pykb, F. R.: Diaeuaaion on: The Condwtioiiy of 
Bleetrolytea Uaed in the Bleetrolytie 
Separation of Cold and Sitter, 120. 

Effect of Lead and Tin xoith Oxygen on the 
Conductitity and Ductility of Copper, 
695. 

Bxudationa on Copper Caatinga, 706. 

Improvementa in the Seriea Syatem of 
Electrolytic Copper Refining aa Re- 
cently Developed by the Nichole Copper 
Co., 144. 

Lead Antimony Syatem of Hardening of 
Lead Alloy a, 538. 

Pyrite: gold-bearing, recovery, 342. 

see also Cyanide aolutiona, flotation teata. 

Pyro- and Hydro-treatment of Magneaite and 
Dolomite (Hxnton), xxv. 

Pyromet^; radiation-protected; arrangement, 
diagram, 1064. 

use, 1047. 

Q 

(Quantum theory, atomic structure, explanation, 
630. 

Quarrying, glass sands, practice, 415. 

Quarts: ball-mill product: photomicrographs, 
279. 

screen analyses, logarithmic {dots, 274- 
277, 280, 281, 283-286. 
rod-mill products: photomicrographs, 269. 

screen anals^ses, logarithmic plots, 270, 
271, 273. 

roll-crushed: photomicrographs, 261. 

screen analyses, logarithmic plots, 256, 
267, 259. 
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Qutrti: wear ooncluaiona, 266. 
curves, 267. 
data, 266. 

sand, wear tests, description and results, 
264-268. 

Quarts eye-pieces: description, 914. 
magnifications, 914. 
optical camera-lengths, 914. 

Quartsite: for glass sand, disadvantages, 422. 
occurrence and use, 422. 

Quenching temperature, effect on impact values, 
937. 

Questionnaire: see Steel, hardening, theoriee. 

R 

Rapsb, C. M. and Abmstbono, R. O.: Water 
Shut-off Methode in Salt Creek Field, 
xix. 

Raobr, C. M. and Estabbook, E. L.: Hietory of 
Production of Salt Creek Field, xix. 

Radiation: see Pyrometer, radxation-protected. 

Rail bonds, embrittlement, causes, 746. 

Ralston, O. C.: Diecueeion on The Chief Con- 
Molidated VolatUieotion Proceae and 
MiU, 210. 

Rauskt, J. P., lead-antimony-tin alloys, harden- 
ing tests, 536. 

Rannbt, Lbo: Ranney Proceae of Mining Oil, xxiv. 

Ranney Proceae of Mining Oil (Rannbt), xxiv. 

Rare earths, magneton numbers, 639, 640. 

Raritan Ck>pper Works: oxygen and sulfur deter- 
mination, apparatus, view, 786. 
use of Walker method, 124. 

Rawdon, H. B.: Diecueeion on Embrittlement of 
Copper by Hot Reducing Oaeee, 750- 
754. 

Rawlins, Wyo., A. ^ M. E. trip, xvii. 

Rbad, T. T.: Probable Error in Blast-furnace 
Records and Calculatione Therefrom, 
1009-1023. 

Discussion on Probable Error in Blast- 
furnace Records and Calculatione 
Therefrom, 1023, 1025. 

Reagents: cyanide flotation: patent, 854 
sulfides, 362. 
flotation, 353. 

piston alloys, aluminum base, etching, 485. 
see also Etching. 

Recovery: see Copper. 

Recovery of Copper by Leaching, Ohio Copper Co. of 
Utah (Andbbson and Camebon), 
xviii, 31; Discussion, 55-57. 

Reducing gasoi: see Copper, embritUemerU; Cop- 
per deoxidation. Illuminating gas. 

Redwood, for aerator tank construction, 95- 

Rbxnabti, L. F.: Diecueeion on Making Rimmed 
Stea, 1036-1042, 1043, 1044, 1046. 

Relation hettoeen Metallurgy and Atomic Structure 
(Foots), xxv, 628-656. 

R^ation betv>een Price and Stocks of Gasoline 
(Poona), xxiv. 

Relation of Ajsh Composition to the Uses of Coal 
(FiaLDNSB and Sblvxo), xxvii. 

Relation of Origin and State of Carbonisation of 
Coal to Problems of Low-temperature 
Ceirbonisatien (Pabb), xxvii. 


RaMMBBS, W. E., Cotton, C. Y. and Folbt, 
F. B.: Influence of Temperature, Time 
and Rate of Cooling on Physical 
Properties of Carbon Steel -I I, xxvi, 
927-947. 

Report of Coal and Coke Committee (Eavxnson), 
xxvii. 

Report of Sub-committee on Coal-mine Ventilation 
(Haas), xxiv. 

Report of Siib-committee on Coal Mining to Com- 
mittee on Ground Movement and Sub- 
sidence (EAvaNSON), xxvii. 

Research and Oil Industry (Manning), xxiii. 

Resinous paint, for cathodes, 128. 

Reverso-noszle dust-collector, description and 
use, 91. 

Review of American (Petroleum) Production (Fohb), 
xxiii. 

Rbtndbbb, J. V. W.: Discussion on Making 
Rimmed Steel, 1043, 1046. 

Rica, G. 8. and Davis, J. A. : Mining Petroleum in 
France and Germany, xxiv. 

Rzchabds, R. H.: Discussion on Investigation of 
Crushing Phenomena, 316. 

Richardson, A. 8.: Economic Design of Mine 
Airways, xxiv. 

Theoretical Rating Compared with Operating 
Performance of Centrifugal Mine- 
VentUaiing Fans, xxiv. 

Richardson, H. H. and Dix, E. H.: Equilibrium 
Relations in Aluminum-copper Alloys 
of High Purity, xxv. 

Ricketts, L. D.: Discussions on: Leaching Mixed 
Copper Ores with Ferric Sulfate, 
Inspiration Copper Co., 82. 

Mining and Preparation of Eastern Molding 
Sands, 389-390. 

Preparation and Use of Industrial Special 
Sands, 448. 

Standard Tests of Molding Sands, 397. 

Ribs, H.: Use of Standard Tests of Molding 
Sands, xxv, 394—397. 

Ring, D. T.: Arkansas and Louisiana (Petroleum 
Production), xxiv. 

Rimmed steel: ammonia in, discussion, 1032, 
1036, 1042, 1045. 

blowholes: formation: permissible, 1035, 1045, 
types and causes, 1032, 1039, 1042, 1045. 
1046. 

views, 1032-1034, 1040. 
welding up, 1041. 

carbon in bath, amount, 1035, 1044—1045. 
casting temperature, discussion, 1030. 
charge: content, 1026, 1037. 

pig iron, amount advisable, 1027, 1038. 
definition, 1026. 
deoxidiser, use, 1035, 1041. 
manganese in bath, amount, 1035, 1044— 
1045. 

manufacture: shaping the slag, discussion, 
1030. 

methods, 1026, 1036. 
summary, 1036. 

melting practice, discussion, 1028, 1037. 
molds, condition, importance, 1088. 
pouring practice, discussion, 1081. 
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Rimmed sted: dlioon in betht effect, 10S5. 
theory, 1035. 

Rittinger'a lew of meohmnionl effidenoy, vereoa 
Sole**, 308. 

Rivet: aee BotZer ned; Dmk rinL 

RoMter, making 80s, deeeripti<m, oa 
eee Rooting fwmaett, 

Roaater gM: oxygen and 80t content, 87. 
du8t>oolleoting, 88. 

see also Feme mUfaie and Bulfurie oetd, firam 
rooster gof. 

Roasting: see Lead smsttwig; Standard BaiueHon 
Co^mOL 

Roasting costs, discuadon, 841. 

Roasting fomaces; description, 174. 

fine dust and fume, retreatment, methods, 
190. 

Robert W. Hunt medal, presentation, 1026, zxii. 

RoBUtTS, O. £.: Organisation o/ Industry, zzvii. 

RoonBTS-Ausmr, steel hardening theory, 1146. 

Rook drill, broken, structure, photomicrographs, 
115a 

Rooks: see Homogenous rocks; Hetarooenous rocks, 

Rockwell test, possible error, 657, 676-677. 

Rockwood, Midi. : see Syloania sand* 

Rocky Mountain Distrid (JPetroUum Production) 
(Wood), xxiv. 

Rod mills: angle of nip theory, discussion, 315. 
-‘200-mesh material, computed and ob- 
served, data, 288. 

number of rods used, effect, tests, 272. 
partide breakage, manner, 273. 
rotation of rdls, diagram, 273. 
see also Homogenous rocks, 
rising action, 255. 

Rolling plant: see Magna plant. 

Rolls: ~200-mesh material, oonqiuted and 
observed, comparison, data, 288. 
see also, Hraun pulverissr, rod and hall mill 
jaw crushers; Homogenoxu rocks, roll 
products. 

Roofing sand, properties and uses, 445. 

Rosn, £[. J. : SdseHon of Coals for the Manufaeturs 
of Coke, zxviL 

RosnwHAZir and MoMraiiAir, work on Neumann 
bands, 964. 

Rubidium bromide crystal, lattice energy, com- 
pressibility and pressure coefficient, 
64a 

Rubidium iodide crystal, lattice energy, compres- 
sibili^ and pressure ooeffidmit, 646. 

Ruggles-CIkiles dryer, view of, 304. 

Russia, South, manganese ores, day in, 250. 

Russia (Petroleum Production) (Zayoioo), zziv. 

8 

SaOKwrT, B. L.: Discussion on Lead SmsRing in 
Utah, xviH, 197, 199. 

SACxaTT, B. L., Babdwbll, Caxlos, Jacobson, 
Simon, and Jbnsbn, N. H.: Lead 
Smelting in Utah, xviii, 171-197. 

St. Peter sandstone, glass sand, photomicrograph, 
411. 

Sa]ida,Colo. lead-smelting praeties, 19a 

Salt: in volatilisation diarge: easily sintered ores, 

211 . 


Salt: in volatilisation diarge: elimination, 301 
209. 

see also Calcium chloride; Sodium chloride. 

Salt creek oil field A. 1. M. B. trip, zviL 
symposium papers, ziz. 

Salt Lake City: see Stemdard Reduction Co, mUL 

Salt Imke Qty meeting, 1925: zvU. 
technical sesdons, zviii. 

Salt Lake Iron A Steel Co., briquetting tests, 
copper concentrates, 51-53. 

Sand-blast sand: photomicrographs, 441-44a 
properties and uses, 439. 

Sand casting, effect: see Aluminum-copper-'SiHcon 
alloy. 

Sand-day cores, physical properties, 392. 

Sand filtration, removal of iron from copper- 
leaching waters, 44. 

Sand: dassification methods, 432. 

foundry, see Albany sands; Lumberton 
sands; Millville sands, 
impurities, removal, 424, 430-431. 
mining costa, 384. 
natural, grain shapes, 26a 
river-bottom, mining, 384. 
sharp and strong, definitions, 38a 
shipments, quarantine restrictions, 382. 
sising, methods, 431-43a 
sjrnthetic mixtures, discussion, 390-391. 
washing: methods, 426-431. 
uniform feed, importance, 429. 
water, amount, 42a 

see also Fumace-hottom sand; Industrial 
sands; Molding sands. 

Sands, J. M. and Osborn, C. C.: Forecasting 
Petroleum Production, zziv. 

Sauvrub, a.: Current Theories of Hardening of 
Steel Thirty Years Later, 859; Discus- 
sion, 902-908. 

Savaor, H. j.: Use of Pulverised Fuel, zviii. 

Satsrs, R. R.: Permissible Limits of Toxic and 
Noxious Oases in Mine and Tunnel 
Ventilation, zziv. 

ScHALLZB, W. T.: on formation of oolemanite in 
place, 449. 

ScHBBMBBHOBN, T. R.i Discussion on: Hordncss 
of Copper and Meyer*s Analysis, 674- 
676. 

Schxrmxbhobn, T. R. and Hott, Samubl L.: 

Hardness of Copper and Meyer*s 
Analysis, zxvi, 657-671. 

Scrap; open-hearth, melting data, 1090. 
see dso Brass meUing. 

Screen analyses: see Heterogenous rocks; Homog^ 
enous rocks. 

Screen sising, microscopical, difference, correla- 
tion, 316. 

Screening: glass sands, methods, 416. 
industrial sands, 437. 

' Screening towers, Magna plant, view, 222. 

Screens, sand and gravel, 431. 

Searles Lake, Calif., borate deposits, 454. 

Seger cones: formation-temperatures, tests: 
bond, 7. 
materials, 7. 
mounting for firing, 9. 

^ removal from mold, protection, 8. 
melting tarts, 12. 
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StHedion of Coal* for the ManufcuUwe of Coke 
(R<MUt), xxvii. 

Selenium, dor4, remoyel, 122. 

Sklviq, W. a. nnd Fibldnbb, A. C.: Rdaiion of 
A*h Composition to the Use* of CW, 
zxvii. 

SemUogarithmio eurvee, crushing teste, method 
of plotting, 255. 

Shale, remoyal from sand and gravel, 431. 

Sharpening and Handling Drill Steels at Frankltn 
(Haight), xxvii. 

Shaw, Edhund: Washing and Siting Sand and 
Oratelt xxv, 424-<433. 

Shaw, H. A.: Discussion on Exudations on Copper 
Castings^ 706. 

Shaw, J. M.: Employe Ownership in Industry ^ 
xxvii. 

Shear testa: see Aluminum-copper-silicon alloys. 

Shosd Operations at Bingham Utah Copper Co. 
(Goodbich), xviii. 

Shunts: see Contactors. 

Shutting in Rangely Oas Wdl (Holmes), xix. 

Sieving: efficiency, discussion, 310-311. 
tests, results, 310. 

Silica: content in ferrous slags tested, 19-27. 
iron ore, variation, 1021. 
replacement by sine oxide, slag-formation 
temperatures, 13-14, 17. 

Silica cores, physical properties, 392. 

Silicon: function as alloy, 464. 
modified alloys, effect, 601. 
open-hearth: bath, effect, 1035. 

charge, decrease during run, curve, 1080. 
slag, variation, 1082, 1087. 

Silicon alloys: see Aluminum-copper-silicon alloy; 
Aluminum-iron-silicon alloys. 

Silicon-aluminum alloys: see Aluminum-silicon 
alloys. 

Silver: concentrating recoveries, 351. 

leaching: effect of copper sulfate, curves, 324. 
free acid, need for, 324. 
sulfate content, control, 327. 
sulfates in solution: effect, curves, 325 
data, 326. 

loss, Nichols series process, 133, 142, 144. 
precipitation: see Standard Reduction Co. 
mill. 

precipitators. Standard Reduction Co, mill, 
336. 

volatilisation, 210. 
recovery, 209. 

Silver alloys: see Nickel stiver. 

Silver and gold separation: see Electrolytes, 

Silver content: see Electrolytes. 

Silver crystals: electrolsrtio separation: effect 
of ammonium nitrate on: 113-117. 
photomicrographs, 115-116. 
ion-electron lattice, 649, 650. 

Silver King Coalition mines, A. I. M. E. trip, xvii. 

Silver minerals, flotation in water, tests, 370. 

SilvMT nitrate solutions: conductivity: 108. 
curves showing, 109, 110. 
reactions, equations, 110. 

Silw precipitates, impurities, removal, 321. 

Silver-bearing galena, recovery* 342. 

SiNOiJtni, E. Q.: Drilling WUdeat WMs in 
WyominOt xix. 


SiNOSTAO, Ole: Holland Tunnel, xxiv. 

Sinter gases, SOs in, neutralisation, 181. 

Sintering: fines, treatment, methods, 180, 181. 
lead ore: sulfur problems, 180, 181. 

Utah practice, 177-182. 
pallet speed, 181. 

Sintering machine: see Dtpighlrlloyd. 

Siphon lead well, invention, 172. 

Sise curves: see Homogenous rock; Logarithmic 
size-curves. 

Sizing: microscopical and screen, difference, cor- 
relation, 316 

rock crushing, importance, 311. 
see also Gravel; Sand. 

Sizing actions, crushing, description, 255. 

Sketch of Geology and Formations of Central 
Wyoming (Babtbau), xix. 

SxoWBONBKi, S.: Discussions on: Action of Reduc- 
ing Gases on Heated Copper, 772, 773, 
774. 

Conductivity of Electrolytes Used in the 
Electrolytic Separation of Gold and 
Silver, 120, 122. 

Effect of Lead and Tin with Oxygen on the 
Conductivity and Ductility of Copper, 
692-694. 

Improvements »n the Series System of Elec- 
trolytic Copper Refining as Recently 
Developed by the Nichols Copper Co., 
144. 

Slag: basicity, effect on mang^anese equilibrium, 

1120. 

Burmo'* high-zinc, content and behavior, 28 
equilibrium tests, composition, 1115, 1126. 
ferrit as zinc-carrying ingredient, 29. 
open-hearth: basicity: data, 1112. 
discussion, 1111. 
effect, 1119. 
index, 1111. 

composition during run, curves, 1082, 
1083, 1086-1090. 

furnace tests: analyses during run, 1101. 
weights, 109]. 

iron-oxide formation, 1 109. 
phosphorus content, effect, 1120. 
tapping and ladle: comparison: 1095. 
weights, 1090. 

see also Ferrous slags; Lead blastrfumace, slag. 

Slimes, fine, effect in mass of feed, 313. 

Slip interference theory: 1138. 
aluminum-copper alloys, 578. 
basis, 903. 

Smallbt, Olivxb: Special Nickel Brasses, xx, 
799-833. 

Smelting: see Lead, 

Smith, A. W., lead-antimony alloys, conductivity 
curve, 512. 

Smxth,3C. S.: Discussion on Action of Reducing 
Gases on Heated Copper, 770-771. 

Smith,’?. S. : Alaska^ijPetroleum Production), xxiv. 

Smith, W. G.: Discussions on: Action of Reducing 
Gases on Heated Copper, 773. 

Effect of Lead and Tin with Oxygen on the 
Conductivity and Ductility of Copper, 
696. 
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Softp bubbles, ffurmstion, saslogy to orystsl for- 

868 . 

Soda ash: see Sedtam earhonaU, 

Sodium: modification of alloys: addition, method, 
689. 

amount needed, 688, 616. 
loss on standing: ounre, 694. 
data, 696. 
discussion, 590. 

Sodium bromide crystal: atomic structure, 
sketch, 643. 

electron orbits, sketch, 644. 
lattice energy, compressibility and pressure 
coefficient, 646. 

Sodium carbonate and lime, flotation of sulfides, 
effect, 356, 357, 359. 

Sodium chloride, for roasting, source, 322. 

Sodium chloride crjrstal, lattice energy, compressi- 
Ifility and pressure coefficient, 646. 

Sodium cyanide: ohalcc^srrite and molybdenite, 
flotation, 370. 

sulfides flotation, effect, 357. 

Sodium fluoride, coystal, lattice structure, data, 
644. 

Sodium sulfate, as solvent for lead, 326. 

Soldering irons, embrittlement, causes, 746. 

Solidus curve, aluminum-copper aUoys, discus- 
sion, 568. 

Solubility, sulfur dioxide in water, 88. 

Solutions, law of distribution in two solvents, 
1109. 

Solvent agent: copper ores, content, 77. 
see also Ferric ndfate, * 

Solventidde: definition, 80. 
importance, 81. 
leaching, discard, 77. 
use of term, 80-81. 
see also ArUtacid, 

Some Drilling and Blaeting Method* for Mining 
Coal in the United State* (Mabvin), 
zxviL 

Some Economic Aepeci* of the Community Oil Leaee 
(Wbioht), xziv. 

Some Important Factor* in Metalrmine Ventilation 
(McElbot), zxiv. 

Sorbite: hardness, cause, 1145. 

ultra-violet light: photomicrograph, 023. 
selective characteristics, 924. 

South Dakota: see Belle Forchi, 

Spacing of OH Wdla (Bbbwbtbb), zziii. 

Spabbow, S. W.: Anti-k‘M>ck Oatolinee and 
Special Engine Devdopment, zziii. 

Special Nickel Bra**e* (Smalubt), zz, 799-833. 

Spedfic gravity: see Aluminumr-eopper-Hlicon 
alloy; Electrolyte*, gold and tUver 
eeparaiion, 

Spedfications: see Aluminum-eilicon alloy e; Ola** 
aande, 

Spbbbt, E. a., process for making white lead, 146. 

Sperry process: anode: molding and pressing, 160. 
view, 153. 

washing method, 167. 
carbonating ssrstem, 162. 
cathode: construction: 166-160. 
plan, 158. 
view, 166 


Sperry process: cell construction, 152-156. 
views, 152-156. 
circulation of solutions, 160. 
dryer, 164. 
electrolytes for, 147. 

electrolytic white lead, doicription, 146-148 
Moore filter: description, 163. 
view, 159. 

plant: construction, 148. 
equipment: 149, 168. 

electrical, 167. 
flow sheet, 164. 
operating data, 168. 
views, 150-156, 159. 
product: barreling, 166. 

characteristies, 168-170. 
production and recovery, 166-167. 
pulverising, 16. 

Sphalerite: impurities, milling difficulties, 350. 

see also Cyanide tolution. 

Sponge copper, predpitation of silver, 320. 
Sponge iron, as precipitant, advantages, 339. 
Spring tensions, discussion, 312. 

Springs Mines, Ltd.: classifier speed, tests, 247. 
mill tests, bowl versus cone class! Boation, 
results, 248. 

Stamp mills: crushing action, 312. 
sizing actions, 255. 

Standard Reduction Co.: mill: air lifts, descrip- 
tion, 336. 

crushers used, 331. 
crushing, degree, 331. 
fan, description, 334. 
leaching: cycle, 319. 
description, 323-327. 
interfering elements, 325. 
sulfate content, control, 327. 
leaching solutions, heating system, 337. 
leaching tanks, d^cription, 334. 
lead predpitated, part analysis, 320. 
location, 317. 
power supply, 338. 

precipitation, description, 320, 321, 327. 
precipitators, description, 336. 
recoveries, 321. 

roaster, description, plan and views, 332- 
335. 

roasting: methods, 322. 

preparation of ore, 318. 
treatment costs, 321. 
water supply, 338. 
ore, assay, 317. 
plant: description, 329. 

plans and sections, 328-331. 
treatment costs, discussion, 340. 

Standard sand, properties and uses, 445. 

Steel: carbon: see Carbon eteel. 
constituents, nature, 1146. 
constitution, phase rule, discussion, 876, 903, 
907. 

hardened, photomicrographs, 875, 876, 877, 
879. 

hardening: cause, 837, 1138. 
colloid factor, 906. 
essential points, 1145. 
strains, influence, 870. 
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steel: hardening: theories: 902, 1145. 
questionnaire, 860. 
answers, 884. 
conclusions, 872. 
summary, 872, 881. 

see also Auitenite; Marienaite; Pearlite; 
Slip interference. 

high-speed: effect of carbon in: 1004. 
photomicrographs, 1004, 1005. 
hardness, diagram, 1005. 
rimmed: definition, 1026. 

see also Rimmed sled. 
photomicrograph, 946. 
transformations, discussion, 1008. 
ultra-violet ray: photomicrographs, 917-923. 
selective characteristics, 924. 

Steel and iron: committees, xiii. 
papers, list, zviii, xzvi. 

Steel bath, during run, analyses, 1098. 

Steel ingots, basic open-hearth, concentration 
changes, curves, 1092. 

Steel manufacture committee, xiii. 

Stevens, B.: Diacuaeion on Effect of Cyanogen 
Compounda on Floaiability of Pure 
Sulfide MineraXa, 370-371. 

Stevens, C. R.: Diacuaeion on The Effect of Lead 
and Tin with Oxygen on the Conduce 
tivity and Ductihty of Copper, 696- 
697. 

Stone-sawing sand: photomicrograph, 444. 
properties and uses, 442. 

Stony Point granite: see Qranite. 

Storage tracks, Magna plant, description, 212. 

Stoughton, Bradley: Diacuaeion on Effect of Air 
Oap in Exploaion Syatem on Production 
of Neumann Banda, 964. 
on hardening of steel, 864, 866, 869, 872, 901. 

Stouohton, Bbaolet and Miyake, M.: Pre- 
liminary Study of Magneaium-baae 
Alloya, xzv. 

Strains: see Steel, hardneaa. 

Stress theories, steel hardening, 1145. 

Stripping, electrodes, Nichols series process, 137. 

Strontium, crystal, ion-electron lattice, 649, 650. 

Styri, H.: Diacuaeion on Chemical Equilibrium 
of Manganeae, Carbon and Phosphorus 
in the Basic Open-hearth Process, 
1133-1134. 

Sub-carbide theory, steel hardening, 1145. 

Subsidence Around a Salt Well (Young), xxvii. 

Subsidence papers, list, xxvii. 

Suckow, discovery well, borate deposits, log, 456. 

SuCKOW, J. K., borate discoveries by, 453. 

Suckow shaft No. 2, borate deposits, log, 458. 

Suggested Nomenclature and Correlation of the 
Oeological Formations in Venezuela 
(Garner), xxiv. 

Sulfates: silver leaching: content, control, 327. 
effect: curves, 324, 325. 
data, 326. 

Sulfides, pure: see Cyanide aolutiona, flotation teats ^ 
Zinc cyanide; Zinc aulfatea. 

Sulfur: effect in high-sino slags, 28. 

lead ore, preroasting, elimination, 175. 


Sulfur: open-hearth: charge, decrease during run, 
curves, 1080, 1085. 
furnace, during heat, 1093. 
slag, variation, 1082, 1087. 
in refined copper: determination, descrip- 
tion, 789, 796. 

relation to heating temperature, 790. 

Sulfur dioxide: in baghouse gas, neutralisation, 
181. 

partial pressure, 88. ^ 

solubility, discussion, 88. 

Sulfur dioxide and air, ferric sulfate from, experi- 
ments, 85-86, 98, 103. 

Sulfur dioxide roaster gas: see Ferric sulfate and 
sulfuric add, from roaster gas. 

Sulfuric acid: electrolytes, effect on conductivity, 

120 . 

use in silver leaching, amount, 324. 
see also Ferric aulfate and sulfuric add, from 
roaster gaa. 

SwBETSER, R. H.: Evaluation of Coal, xxvii. 

Sykes, W. P.: Iron-tungsten System, xxvi, 968, 
1008. 

Discussion on Iron Tungsten System, 1004. 

Sylvania standstone, glass sand from, photo- 
micrograph, 412. 

Symons disk crusher, use, 332. 

Symposium: coal and coke, xxvii. 
gas in copper, 742. 
petroleum, xxii, zxiii. 

Salt Creek Field, xix. 

Syracuse, N. Y., meeting, xx. 

T 

Taggart, A. F. : Discussions on: Classification in 
Witwatersrand Mills, 251. 

Investigation of Crushing Phenomena, 313- 
315. 

Tailings, Midvale, Utah: content, 248. 
disposal, 248. 
see also Copper tailings. 

Tanks: electrolytic: copper refining, 130. 
fiat-bulb light, 136. 

see also Electrolyte tanka; Leaching tanks. 

Tapping slag: see Slag. 

Taxation and the Oil Industry (Brokaw), xxii. 

Technologic Progress in the Oil Industry (Fohb), 
xxiii. 

Temperature: effect on open-hearth equilibrium, 
volatilisation of lead and silver, 210-211, 
1116, 1124, 1128. 

see also Austenite, transformation; Carbide, in 
steel, predpitation; Ferrous slags, 
formation; Fusion temperatures; Iron; 
Iron-tungsten alloys; Metalloids; 
Quenching. 

Tension modulus: Al-Cu-Si alloy, 469. 
data, 476-478. 

Tension tests: Al-Cu-Si alloy, 467. 
data, 476-478. 

Tensional stress, calculation, formula, 843. 

Texas, Outside Oulf Coast {Petroleum Production) 
(Lahee), xxiv. 

Theoretical Rating Compared with Operating 
Performance of Centrifugal Mine- 
ventilating Fans (Richardson), xxiv. 
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Thermodynamics, alkali*halide crystals, formulae, 
645-646. 

Thickener: see Omter thiekmer; Qravity thickener. 

Thigh plate, structure, photomicrograph, 1153. 

Thompson, F. CX, on hardening of steel, 863, 866, 
869, 872, 901. 

Thom, E. K: Duettteion on Amotphoue Cement 
and tho Formation of Ferrite in the 
Light of X~ray Evidence, 857-858. 

Tin: effect in: brasses, 807. 

* copper, 685. 

Tin alloys: see Copper tin; Copper-zinc-tin. 
tin aUoye, 

Tin and lead, in copper, effect, 680, 687. 

Tin and nickel: see Aluminum braes. 

Tin-anti mony-lead alloys: see Lead-antimony- 

Tin cuttings, precipitating lead, 320. 

Tinguaite, sising tests with, 310. 

Tintic mining district, ore problems, 200. 

Tintic Standard Co.*e Mitt (Allbn and Madge), 
xviii. 

Tintic Standard Mine (Wade), xviii. 

Tintic Standard mines, A. I. M. E. trip, xvii. 

Tobblmann, H. a.: Discussion on Leaching Mixed 
Copper Ores voith Ferric Sulfate, Inspi- 
ration Copper Co., 74. 

Tolerances: see Olass sands. 

Tompkins, Dr. H. Kneebone, work of, 907. 

Tooele, Utah, blowing lead-copper matte, 197. 

Top Slicing in Old Fills at El Bordo Mine, Mexico, 
(Mbchin), xxvii 

Torsion tests: Al-Cu-Si alloy: 468. 
data, 476-478. 

Tough-pitch*' copper versus oxygen-free copper, 
use, 742. 

Tower acid, leaching, comparative cheapness, 79. 

Transmitting tube, leads, embrittlement, causes, 
748. 

Transportation, industrial sands, 437. 

Transportaiion of Petroleum (Fitzgerald), xxiil. 

Transvaal: see Oeduld Proprietary Mines; Springs 
Mines; Wxtwatersrand. 

Treating (Oil Refining Processes) (Millbb), xxiii. 

Treatment of the Telluride-bearing Gold Ores of 
the Wright-Hargr eaves Mines, Ltd. 
(Mueller, Grant and Heath), zxv. 

Trend of Prices in the Petroleum Industry (Pogue), 
xxiv. 

Troostite: constitution, 1147. 

examples, photomicrographs, 1149, 1150. 
hardness, cause, 1145. 
in iron, condition, 878. 
in martensite, photomicrograph, 946. 
ultra-violet light: selective characteristics, 
924. 

photomicrographs, 917, 918. 

Tubes: see Admiralty tubes; Boiler tubes. 

Tucebr, E. L. and Head, R. E. : Effect of Cyano- 
gen Compounds on Floatability of ^ 
Pure Sulfide Minerals, xix, 354-370. 

Tucker, E. L., Gates, J. F., and Head, R. E.: 

Effect of Cyanogen Compounds on 
the Floatability of Pure Sulfide 
Minerals — II: xix, 372-380. 

Tungsten: see Iron-tungsten alloys; Iron-tungsten 
carbon alloys; Iron-tungsten system. 


Turbadium bronze, analysis, 800. 

Turbiston bronze, analysis, 800. 

Turnbull, George: Appalachian Field (Petro- 
leum Production), xxiv. 

Twenty-five Years of Metallography (Campbell), 
xxvii, 1135-1178. 

Twinning theory, steel hardening, 1145. 

Tube mills: description and use, 346. 
feed and products, analyses, 346. 

U 

Ulexite: deposits, placer formation, 462. 
formation of colemanite from, 450-452. 

Ultra-violet light, selective characteristics, 924. 

Ultra-violet metallography: see Metallography. 

Umplebt, J. B.: Increasing the Extraction of Otl 
by TT ater Flooding, xxiii. 

Uncommon metals, reduction and refining, xii. 

United States, zinc production, fluctuation, 6. 

United States Air Service, specifications, heat- 
treating, Al-Cu-Si alloy, 466. 

United States Borax Co., control of borax lands, 
453. 

United States Navy specifications, aluminum- 
silicon alloys, 619. 
see also Naval brass. 

United States Smelting Lead Refinery, Inc., 
electrolyte tests, see Electrolytes, 
gold and silver separation. 

United States Smelting, Refining A Mining Co.: 
A. I. M. E. trip, xvii. 
see also Midvale, Utah, mill. 

University of Utah: leaching of copper concen- 
trate tailings, tests, 55. 
water-solubility tests, copper ore, 42. 

Uhen, L. C.: Problems of Pumping Deep Wells, 
xix. 

Use of Oas Meters for Determination of Pay 
Strata in Oil Sands (Millikan), xix. 

Use of Pulverized Coal in Copper Refining Furnaces 
(Miller and Bardwell), xviii 

Use of Pulverized Fuel (Savage), xviii. 

Use of Standard Tests of Molding Sands (Ries), 
XXV, 394; Discussion, 397-398. 

Utah: A. I. M. E. field trips, xvii. 

lead smelting in, practice, 171-199. 
salt for roasting, source, 322. 
see also Bingham; Eureka; Ironton; Lark; 
Midvale; Murray; Ohio Copper Co. 
mine; Park City; Salt Lake City; Tooele. 

Utah Copper Co.: A. I. M. E. trip, xvii. 
crushing costs, 340. 
see also Magna plant. 

Utah parks, A. I. M. E. trips, xviii. 

V 

Vacuum, in filtration, discussion, 227, 234-235. 

Van Arbdale, G. D.: Lea^ching Mixed Copper 
Ores with Ferric Sulfate, Inspiration 
Copper Co., xxv, 58-74. 

Discussions on: Leaching Mixed Copper Ores 
with Ferric Sulfate, Inspiration Copper 
Co., 79, 81, 83. 

Production of Ferric Sulfate and Sulfuric 
Acid from Boaster Qas, 98. 
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Van Flbet, H, V. and O’Nkill, F. W.: Liquid 
Oxygen as an Explosive, xxvii. 

V'anick, J. H.: Discussions on: Effect on Air Gap 
in Explosion System on Production 
of Neumann Bands, 900. 

Making Rimmed Steel, 1030. 

Microscopic Structure of Copper, 739-740. 

Van’t Hoff iaoobore, formula, 1108. 

Vajrl»y, T.: Discussions on: Chief Consolidated 
Volatilisation Process and Mill, 209. 
Chloriditing Mill of the Standard Reduction 
Co., 338. 

Ventilation, lead blast-furnace tapping-floor, 188. 

Venetuela and the West Indies {Petroleum Pro- 
duction) (Hopkins and Wasson), 
xxiv. 

Virginia: bentonite, source, 390. 
quartsite, occurrence, 422. 

Viscosity, ferrous slags, 10. 

Volatilisation: see Chief Consolidated process; Chlo- 
ride Volatilisation; Lead, Oxide Volatilization. 

Volatilization loss, furnaces, prevention, 340. 

Voltage: see Electrolysis; Electrolyte. 

Voltage drop, electrolytes, effect of ammonia, 112 

Von Juptner, — , on oxide slags in iron alloys, 1110. 

W 

Wade, J. W.: Tintic Standard Mine, xviu. 

Walker, A. L.: Development of Multiple-series 
Tank, 124. 

Discussions on’ Effect of Zinc Oxide on the 
Formation Temperature of Some Fer- 
rous Slags, 30. 

Improvements in the Series System of Elec- 
trolytic Copper Refining Recently De- 
veloped by the Nichols Copper Co , 
143-144. 

Warm Spring Ridge, glass-sand quarry, 415 

W'arner, D. M. and Daniels, Samuel: Me- 
chanical Properties of the Aluminum- 
copper-silicon Alloy as Sand Cast 
and as Hand Treated, xx, 404-478. 

Wartman, F. S , Oldright, G. L., Ketes, H. E. 

and: Production of Ferric Sulfate 
and Sulfuric Acid from Roaster Gas, 
XIX, 84-98. 

Washers, glass sands, view, 414. 

Washing: anodes, Sperry process, 107. 
industrial sands, 430. 
see also Gravel; Sand. 

Washing method, leaching tests, 08. 

Washing and Sizing Sand and Gravel (Shaw), 
XXV, 424-433. 

Washington: see Northporl. 

Wasson, H. J. and Hopkins, E. B.: Venezuela 
and the West Indies {Petroleum 
Production), xxiv. 

Water: copper concentrate, removal, 50. 
leaching: amount, determination, 37. 
see also Ohio Copper Co. mine. 
percolation, methods, 38-42. 
washing sand and gravel, amount needed, 
428. 

see also Bingham mines; Film water. 

Water jackets, lead smelting, first use, 171. 


Water Shut-off Methods in Salt Creek Field (Arm- 
strong and Rader), xix. 

Water supply: see Standard Reduction Co. mill. 

Waters of Salt Creek Field (Young and Esta- 
brook), xix. 

Watts, A. C.: Electric Shot-firing in Coal Mines, 
xviii. 

Wax Separation (Miller), xxiii. 

Wear tests: see Pebble mills; Quartz. 

Wedge roaster: lead ore: description, 174. 

operation, 174-177. 

Weigel, W. M. : Preparation and Use of Industrial 
Special Sands, xxv, 434—447. 
Discussions on: Mining and Preparation of 
Eastern Molding Sands, 388, 391. 

Preparation and Use of Industrial Special 
Sands, xxv, 448. 

Standard Tests of Molding Sands, 397. 

Weight: see substances named. 

Welling, L. H.: Jenkins Process, xxiii. 

Wells, A. E.: Comparative Value as Motor Fuel of 
Cracked Gasoline vs. Straight Run 
Gasoline, xxiii. 

Wertz oil and gas field, A. I. M. E. trip, xvii. 

W'est Virginia: glass sands, occurrence, mining 
and preparation, 415-420 
industrial sands, occurrence, 434. 

Wet crushing: see Crushing, wet. 

Whetsel, R. V. and Garfias, V. R.: Mexican Oil 
Fields, xxiv. 

White, L. H.: Possibilities of Future Production 
from the Pre-Chattanooga Series of 
Northeastern Oklahoma, xxiv. 

Whitehead, E. and Jones, E. O.: Annealing 
Cracking of the Nickel Silvers, xx, 834- 
849. 

Whitley’s basicity index, formula, 1111. 

Wiggins, J. H.: Evaporation Loss in Transporta- 
tion of Petroleum, xxiii. 

WiQTON, G. H : Chief ConsolidaJted Volatilization 
Process and Mill, xix, 200-209. 

Wilder, F. A.: Discussion on American Glass 
Sands, Their Properties and Prepara- 
tions, 422. 

Wilson, J. H. and Bartram, J. G.: Core Drilling 
in Geologic Exploration as Applied in 
Wyoming and Montana, xix. 

Winnamuck mine, Utah, water jacket used in 
lead smelting, 171. 

Wire-bar furnace, for copper cathodes, practice, 
138-140. 

WiTHERELL, C. S. : Discussions on: Effect of Lead 
and Tin with Oxygen on the Conductiv- 
ity and Ductility of Copper, 695. 

Effect of Zinc Oxide on the Formation Tem- 
perature of Some Ferrous Slags, 28—30. 

Exudations on Copper Castings, 706. 

Hardness of Copper and Meyer's Analysis, 
671-674, 675, 677. 

Leaching Mixed Copper Ores with Ferric 
Sulfate, Inspiration Copper Co., 80. 

Witwatersrand: gold ore, grinding, size, 250. 

mills: classification in: description, 239, 247. 
discussion, 247. 

Wood, F. E.: Rocky Mountain District {Petroleum 
Production), xxiv. 
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WooDWABD, A. H.: Dueumm on Making Rimtnod 
Sled, 1044. 

Work, L. T.: Ditcuotiono on: Invooiigation of 
Crushing Phonomonat 316. 

Mechanism of Filtration, 234, 285. 

Work, L. T., Hdcon, A. W., Odbll, I. H. and: 

Mechanitm of Filtration, zxv, 225-234. 

World Production of Pelrolettm in 1925 (Db 
Goltbr), zzii. 

Wriqht, Fat: Some Economic AepecU of the 
Community OU Loose, zziv. 

Wrialrpieoe, andent structure, photomicrograph, 
1152. 

Wrought iron: intercrsrstalline brittleness, photo- 
micrographs, 751. 

Neumann bands in, 1140. 

Wyoming, bentonite, use, 389. 
see also Casperr; Rawlins. 


X-ray: anode, water-cooled, leaks in, causes, 746. 
microstructures of crystals, 850. 


Yanct, H. F. and Fraser, Thomas: Air Sand 
Process of Cleaning Coal, zxvii. 

Yap, C. P.: Discussion on Effect on Atr Cap in 
Explosion System on Production of 
Neumann Bands, 965. 


Yellowstone Park, A. I. M. £. trip, zviii. 
Youno, C. M.: Subsidence Around a Salt Well, 
zxvii. 

Young, H. W. and Estabrook, E. L.: Waters of 
Salt Creek Field, zix. 


Zavoxco, B. B.: Russia (Petroleum Production), 
zziv. 

ZicKRicx, Ltall: Discussion on Lead Antimony 
System and Hardening of Lead Alloys, 
XXV, 529-535. 

ZicKRicK, Ltall, Dban, R. S., Nex, F. C., and: 

Lead Antimony System and Hardening 
of Lead Alloys, zxv, 505-520. 

Zinc: concentrating recoveries, 351. 
flotation, oils and reagents, 353. 
production, U. S., fluctuations, reasons, 5, 6. 
reduction and refining, committee, zii. 

Zinc alloys: see Copper-sine; Copper-sinc-tin; and 
brasses named. 

Zinc cyanide: effect on pure sulfides: discussion, 
366, 376. 

photomicrographs, 365-369, 377-379. 
flotation of sulfides, effect, 357. 

Zinc oxide: ferrous slags: content, 19-27. 

effect on formation temperature, 3-30. 
replacing lime, iron oxide and silica, slag- 
formation temperatures, 13-17. 

Zinc sulfate, flotation of sulfides, effect, 358-361. 

Zincate, slag, zinc-carrying ingredient, 29. 













